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PREFACE

This report was prepared by Dr. Thomas E. Owen, Dr. Jorge 0. Parra, and
Mr. James C. Biard of the Department of Geosciences, Electronic System Divi-
sion, Southwest Research Institute, under contract number DACA39-86-K-0017. It
represents the first task in investigating and applying high-resolution shear-
wave seismic reflection exploration techniques to the problem of search and
detection of subversive intrusion tunnels of military concern. The study was
done during FY 87 under funding provided by LABCOM Headquarters to the U.S.
Army Engineering Waterways Experiment Station (WES) as a part of the research
and development effort to solve the Korean tunneling problem. Dr. Donald
Eccleshall of the U.S. Army Ballistic Research Laboratory, Army Material Com-
mand (AMC), is the technical reviewer of the overall tunnel detection program.

This report is presented in two volumes. Volume I contains the body of
the report including the technical results, discussions, and conclusions.
Volume II contains the appendices in which the complete theoretical analyses,
computer numerical calculations, and computer programs are presented.

Mr. Robert F. Ballard, Jr., Earthquake Engineering and Geophysics Divi-
sion (EEGD), Geotechnical Laboratory (GL), WES, was the Contracting Officer's
Representative and Program Manager and Coordinator for tunnel detection
research. General supervision was provided by Dr. Arley G. Franklin, Chief,
EEGD, and Dr. William F. Marcuson 111, Chief, GL.

Commander and Director of WES during the publication of this report was
Colonel Dwayne G. Lee, CE. Dr. Robert W. Whalin was the Technical Director.
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I. INTRODUCTION AND SUMMARY OF PROJECT

A. Background

During the past decade, military priority has been given to the
search, detection, mapping, and neutralization of subversive intrusion tunnels
constructed by North Korea in the DMZ and into South Korea. Three such tun-
nels have been found to date and others are expected to exist. The fact that
approximately eight years have elapsed since the third and largest tunnel was
discovered, reinforced by evidence that such tunnel construction has been con-
tinued by North Korea, implies that additional tunnels could now be finished in
construction and lie dormant for future subversive use by North Korea. There-
fore, while current military efforts have emphasized the detection of the tun-
nel construction process using passive monitoring to detect and record seismic
waves generated by such underground operations, there is now a need for other
search methods capable of detecting dormant tunnels.

Extensive military drilling efforts are currently being used to

investigate suspected tunnel construction activities inferred from the infor-
mation collected and analyzed from passive seismic signal monitoring. This
procedure has encouraged the use of relatively deep borehole drilling, combined
with hole-to-hole electromagnetic probing, as a means of exploring for tunnel

targets. As a supplemental method of tunnel exploration applicable to locating
dormant tunnels, surface-based seismic reflection techniques are judged to

offer good potential for efficient operation without the need for deep drill-
ing. In this regard, high-resolution seismic reflection exploration techniques
offer greater promise for detecting the subversive tunnel targets than any
other surface-based geophysical technique.

B. Summary of Project Efforts

This project has been directed toward the study and evaluation of

shear-wave reflection seismic exploration techniques for detecting cavities
and tunnels. Shear waves offer certain specialized advantages for the tunnel
detection application because the polarization of shear waves may be usefully
aligned with the generally known directional orientation of the North Korea
intrusion tunnels and, because of their lower velocity, shear waves offer
inherently greater resolving power in comparison with compressional waves.
Horizontally polarized shear waves, in particular, offer an added advantage in

that the interference and masking effects caused by the directly transmitted
waves are significantly less than those associated with compressional waves or
vertically polarized shear waves.

Volume I - Study and Design of Techniques, as reported herein, pre-
sents a comprehensive study of horizontally polarized shear-wave exploration

concepts specialized to the military tunnel search and detection problem. The
primary efforts have been directed toward the formulation of analytical models
representative of high-resolution shear-wave reflections and scattering from
cylindrical tunnel targets in dissipative media and their numerical evaluation
to produce characteristic synthetic seismograms. Special attention was given
to comparing the effectiveness of surface-coupled and borehole-coupled seismic
sources and detectors because of the significant differences in the time and



logistics required to apply these two methods in the field. Finally, an opti-
mum shear-wave seismic reflection survey system and special-purpose data analy-
sis techniques are specified for future development and application to military
requirements for tunnel search and detection.

Tractable analytical solutions for the scattering of plane and cylin-
drical horizontally polarized (SH) waves from a cylindrical cavity located in
homogeneous dissipative media were developed and computer model evaluations
were carried out for cases of primary interest. The plane-wave analysis was
useful in providing insights into the intrinsic scattering of SH waves polar-
ized parallel to the axis of the cylindrical cavity. In particular, these
results present the SH-wave energy scattering cross-section of a cylindrical
tunnel cavity as a function of frequency, the angular amplitude scattering
pattern about the cavity axis, and the steady-state frequency response of
the cavity reflections as observed by a seismic detector array in a lossless
homogeneous whole-space medium. The cylindrical wave analysis has provided
synthetic seismograms illustrating reflections from the tunnel cavity in a
lossless homogeneous half-space and in a two-layer half-space in which dif-
ferent dissipative absorption conditions may be specified for each layer.

The energy scattering cross-section of the cylindrical cavity for
incident plane SH waves is greater than the projected area of a unit length of
the cavity whenever the wavelength of the incident wave is equal to or less
than the circumference of the cylindrical cavity. At longer wavelengths, the
scattered signal amplitude decreases rapidly in proportion to the -2.5 power
of frequency. At shorter wavelengths, the energy scattering cross-section
becomes independent of frequency and approaches a value of twice the projected
area of a unit length of the cavity at very high frequencies. These results
are significant in that they indicate the most practical frequency range for
detecting scattered signals from a tunnel cavity to be the two-octave range
extending from a lower limit of approximately fl = v/nD to an upper limit of
approximately f 2 = 4v/hD. That is, for incident SH waves having wavelengths
greater than about one circumference of the cylindrical cavity, the scattered
energy rapidly becomes negligible whereas, for incident waves having wave-
lengths less than about one fourth of the cavity circumference, the increase
in scattered energy becomes less significant as frequency increases, whereas
the scattering and absorption of practical geological host media become more
and more significant. In the granite rock host fotmations of Korea, the
optimum SH-wave frequency range for detecting the tunnels of interest is
approximately 400 Hz to 1,600 Hz.

The synthetic seismograms derived in this study are most important
for the lossy two-layer half-space case. In this case, reflections from the
cylindrical cavity form a hyperbolic pattern characteristic of the localized
scattering target and are most readily detectable when the surface layer
(representing a low shear strength surface soil layer) is either absent or
when the seismic SH-wave source and detectors are installed in shallow drill
holes that allow them to be coupled into competent ground. Conversely, when
the detectors are installed at the surface of the soil layer, the absorptive
effects of this lossy layer and added SH-wave multiple reflections in the
direct source-to-detector waves impose excessive attenuation of the cavity
reflections as well as unwanted masking effects. Therefore, a principal con-
"clusion drawn from this analysis is that the SH-wave source and detectors

2



must be operated in shallow boreholes that provide access to reasonably high-
quality ground capable of supporting shear-wave propagation in the desired
frequency range.

A field data acquisition system, together with field procedures spe-
cialized to SH-wave operation, has been specified for future development and
application in Korea. The source transducer recommended for this application
is an assymetrical-force arc discharge device designed for borehole operation
and capable of generating repetitive SH-wave pulse signals having spectral
frequency content up to about 2,000 Hz. The recommended seismic detectors
consist of three-component geophones configured to clamp in shallow boreholes.
The source and detectors are designed to be accurately oriented to optimize
SH-wave data acquisition. Other components of the SH-wave seismic survey sys-
tem include a 48-channel digital data recording system and a truck-mountable
shallow borehole drill to provide a survey system capable of complete self-
contained field operations.

Data processing techniques have been outlined taking into account
the results of the analytical studies and derived synthetic seismograms as
well as the practical aspects of high-resolution seismic signal analysis in
realistic geological formations when the sought-after target is a localized
tunnel cavity. The computer models developed as part of this project will be
valuable aids in further studies of these specialized data processing tech-
niques. They may also be incorporated into the data reduction process to
provide a powerful means for recognizing and extracting predictable tunnel
reflection signatures.

The overall results of this study and design of SH-wave seismic
reflection exploration techniques are highly encouraging with respect to the
successful search and detection of tunnel targets typical of those known to
exist in Korea. However, to be successful, the necessary features of: (1)
the unprecedented high-resolution SH-wave data acquisition system; (2) the
specialized data acquisition field procedures and data quality control; and
(3) the tunnel target-specialized data processing and analysis techniques must
be recognized and carefully implemented and perfected.
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II. THEORETICAL ANALYSIS OF SHEAR-WAVE MODELS

A. Status of Modeling of Seismic Reflections from Tunnel Cavities

Scattering of elastic waves by cylindrical cavities has been the
subject of numerous investigations in the last decade. Most of these studies
have dealt with the case of an infinite medium and a semi-infinite lossless
half-space with regard to applications in the field of earthquake engineering.
The main subject of interest has been in the analysis of stress amplitudes
along the tunnel circumference rather than to investigate the problem of
detectability of deep cavity targets.

The analysis of time harmonic elastic-wave propagation from a line

(or point) source in a half-space or from a cavity in an infinite elastic
medium are now a well-known part of the literature on elastic-wave propagation.
[Miklowitz (1960), Ewing et al. (1957), and Pao (1973) give a good collection
of references.] The more difficult problem of propagation of elastic waves in
a half-space containing a cylindrical cavity has been developed by Gregory
(1967). The application of matched asymptotic expansions to obtain the scat-
tered field when. the wavelength is large compared with the linear dimensions
of the cavity has been implemented by Datta et al. (1978).

Other references to seismic reflection from tunnel-like cavities
that have been helpful and relevant to the present study include Lewis & Kraft
(1976), Lewis et al. (1976), White (1965), Onda and Komaki (1968), Sato (1969),
Kong (1986), El-Akily and Datta (1980), deHoop (1960), Apsel (1979), Achebach
(1975), Aki and Lamer (1970), Bouchon and Aki (1977), Garvin (1956), Ichikawa
et al. (1975), Lamb (1904), Love (1944), Newlands (1952), and Wong et al.
(1974).

The contributions of the present study have focused exclusively on

horizontally polarized (SH) shear waves with emphasis on the detection of
reflections from a cylindrical cavity in a dissipative medium. The case of a
two-layer half-space composed of separately specified dissipative layer mate-
rials has provided a simple but realistic model of the typical field conditions
to be encountered in Korea. Tunnel detection feasibility and the recommended
field data acquisition techniques have been derived from this model as well as
from the intermediate model formulations utilizing plane waves and cylindrical
waves.

B. Rationale for Horizontally Polarized Shear Waves

Commercial seismic exploration methods rely primarily on the use of
compressional waves generated by explosive shots or low-frequency vibrators
and are generally directed toward mapping relatively large and deep subsurface

geological structures and spatial trends as compared with resolving small
localized anomalies. For this reason, conventional seismic methods are seldom
required to achieve small target detection or unusually high resolution.
However, when seismic detection of small anomalies such as man-made tunnels
located at typically 100 diameters below surface is considered, the seismic
detection sensitivity and resolution of the method must be increased substan-
tially above that of conventional seismic systems. Further, since natural
geologic anomalies comparable in size with the tunnel targets of interest may
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be present in most metamorphic geological formations, the data processing
requirements for accurate tunnel detection and interpretation are also more
demanding than conventional seismic exploration requirements. Nevertheless,
conventional reflection seismic methods are especially well developed for
their industrial exploration purposes and can serve as the technical point of
departure for developing the specialized methods needed for tunnel detection.

Detection of man-made tunnel cavities in the size range of two meters
in diameter requires seismic signal wavelengths an order of magnitude shorter
than those used in conventional seismic exploration. Thus, the spectral con-
tent of the seismic wave source must extend an order of magnitude higher in
frequency than that provided by conventional explosive and vibrator sources.
The lower velocity of shear waves in comparison with compressional waves offers
an inherent advantage in that the high-frequency content of the source signal
need be extended only by a factor of about 5 or 6 to provide a resolution limit
comparable with that obtained using compressional waves. The polarization
characteristics of shear waves offer an additional degree of freedom over com-
pressional waves and, since tunnel targets are elongated and directionally ori-
ented anomalies, this polarization parameter may be used to good advantage in
the preferential detection of such targets.

Horizontally polarized shear waves have several distinctive advan-
tages over compressional waves and vertically polarized shear waves with
respect to high-resolution seismic reflection exploraLion for tunnels. These
advantages stem from the horizontal orientation of the shear-wave particle
motions and their inherently low propagation velocity in comparison with com-
pressional waves. These advantages are summarized as follows:

(1) Horizontal Polarization Orientation

Polarization alignment with the tunnel axis produces stronger
reflections than compressional waves of the same wavelength
because the incident compressional-wave energy is parti-
tioned, upon reflection, into components of compressional
waves and vertically polarized shear waves, whereas incident
SH waves are reflected without a change in wave type.

m Polarization alignment of SH waves with geological layer
structures in the tunnel host medium offers similar advan-
tages to alignment with the tunnel axis since SH-wave energy
transmitted (or reflected) from a layer interface is not par-
titioned to other wave types when the particle motions are in
the plane of the interface.

(2) Low-Velocity Propagation

* The shorter wavelength of shear waves in comparison with com-
pressional waves provides greater detection sensitivity and
spatial resolution of tunnel targets than compressional waves
of comparable frequency spectrum. This effective reduction
in source signal frequency spectrum for SH waves offers the
prospect of less dissipative attenuation along the two-way
signal propagation path and places less demand on the source
transducer to generate the high-frequency signals necessary
for useful target detection.
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II
(3) Reduction of Coherent Noise

Compressional-wave sources at or near the surface generate
Rayleigh waves (surface waves) which often interfere with
body waves (compressional or shear waves) reflecting from
subsurface anomalies. Since surface waves consist of verti-
cal and radial shear-particle motions, seismic detectors
designed to detect compressional waves also respond to sur-
face waves. In contrast, seismic detectors designed to
detect SH waves do not respond to surface waves associated
with the SH-wave source transducer or other compressional
wave-noise sources.

Shear waves in the frequency range appropriate for tunnel
detection experience strong attenuation effects in the near-
surface weathered layer. Therefore, direct excitation of the
detectors by the SH-wave source transducer will be advanta-
geously reduced.

The dissipative attenuation of SH waves in unconsolidated
weathered materials near the surface imposes the need to
drill down through such materials to place the SH source and
detectors in competent ground. (Note: This requirement
does not necessarily require drilling to bedrock depths.)
Although this requirement places extra demands on the field

data acquisition process, such drilling and competent trans-
ducer placements are also demanded by high-resolution
compressional-wave techniques.

Since the polarization of the SH-wave source may not always
be in alignment with the tunnel axis to give the strongest
SH-wave reflections, a seismic data collection system which
records two orthogonal horizontal components will aid in
improving the reflected SH-wave signal-to-noise ratio and may
yield useful information on the target alignment direction
relative to the seismic survey line. (Note: Misalignments
between the SH-wave polarization orientation and the tunnel
axis will result in conversion of part of the incident SH-
wave energy to compressional and vertically polarized shear
waves. Since such wave-type conversion may be unique to tun-
nel cavity geometries, a seismic data collection system which
records three orthogonal components of particle motion is
recommended for use in the field.)

C. Organization of Theoretical Model Analyses

The shear-wave model studies presented in this report are organized
in three parts. The first part addresses the questions of SH-wave scattering
from a cylindrical cavity in an unbounded homogeneous host medium. Ideas and
results from this simplified stage of analysis aided in obtaining a useful
perspective of the overall analysis problem and were valuable in planning the
more extensive parts of the theoretical study. The second part addresses
SH-wave scattering from a cylindrical cavity in a homogeneous half-space.
Together, the analyses presented in these two parts cover the cases of a plane
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wave source, an infinite line source, and a point source with emphasis on polar
amplitude scattering patterns, seismic energy reflection cross-section, and
reflection responses derived from source and detector geometries associated
with reflection seismic surveys for relatively deep tunnel cavities. An exten-
sion of this theoretical analysis includes the case of SH-wave scattering from
a cylindrical cavity in a lossy unbounded medium.

The third part of this investigation presents the analysis of SH-wave
scattering from a cylindrical cavity in a lossy two-layer half-space. This
analysis, not reported in the literature yet, covers the cases of an infinite
line source in the bedrock with the detector located either in the bedrock or
at the top of the surface layer. To reduce the computations necessary to pro-
duce synthetic seismograms and as a check of the analysis, the high-frequency
approximation for the total SH-wave particle displacement was also derived and
evaluated. In addition, the analytical solution of the transient SH-wave dis-
placement in the presence of a two-layer half-space was developed using the
Cagniard-deHoop method of inversion. The classical first motion approximation
(Helmberger, 1968) for a disturbance in an elastic medium was also implemented
in this analytical solution.

Theoretical highlights- and graphical displays of computer calcu-
lations are presented in each part to describe and illustrate the derived
results. The complete theoretical analyses together with supplemental data
displays and the documented computer model programs are presented in Volume II
- Appendices of this report.

D. SH-Wave Scattering from a Cylindrical Cavity in an Unbounded
Homogeneous Medium

The steady-state solution for elastic-wave scattering from an
infinitely long cylindrical cavity in an unbounded homogeneous lossless solid
medium is developed for incident plane SH waves and for incident spherical SH
waves. The spherical SH waves are generated by a point horizontal force within
the unbounded medium. Formal analytical expressions are developed for the
elastic-wave displacement of scattered waves at any point around the cylindri-
cal cavity for incident plane waves oriented parallel to the axis of the cavity
or for point-source SH waves having polarization oriented parallel to the axis
of the cavity. In addition, theoretical analysis of the steady-state elastic-
wave scattering from an infinitely long cylinderical cavity in a homogeneous
lossless solid half-space is developed for an SH-wave point source and for an
SH-wave line source at any position within the half-space. Formal analytical
expressions are derived for the elastic-wave displacements to investigate the
influence of the free-surface interface on the scattering of SH waves from
cylindrical tunnel targets.

1. Formulation

For elastic waves in an isotropic solid body, the vector
motional displacement, 1, in the absence of body forces, satisfies the dis-
placement equation of motion:

U+ IV2 d-
(X 4) V V + - (1)
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where X and 4 are Lame's elastic moduli and p is the mass density of the body.
I In the most general case, the displacement components in Equation (I) are func-
' tions of the time, t, and the three spatial coordinates x, y, and z.

For a tunnel or cylindrical cavity subject to a special distri-

bution of external forces, various approximations can be made regarding the
displacement components in order to simplify the equation of motion given by
Equation (I). For the long cylindrical tunnel shown in Figure II-1, the motion
can be classified as either anti-plane strain or plane strain in accordance
with how the external forces are applied. When a distributed force is applied
parallel to the cavity length direction z such that the dominant wave displace-
ment is in that direction and has constant magnitude along the z-axis, the
motion is in the category of anti-plane strain. If the force is applied per-
pendicular to the characteristic length of the cavity and is distributed uni-
formly in the length direction, there is no displacement along the length
direction. In this case, the motion is defined as plane strain.

fy

S• HORIZNA

Aý XIS 
x

S

FIGURE 11-1. GEOMETRY OF CYLINDRICAL CAVITY AND COORDINATE SYSTEM

For the cylindrical cavity shown in Figure ll-1, the anti-plane
strain displacement is derived as
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Ux = 0

u = 0

uz - w(x,y,z) . (2)

The assumption that the displacement is restricted to the z-axis reduces the
equation of motion given in Equation (1) to a single scalar-wave equation

,V= p x , (3)

where:

,2= 2 62-2 • + -2

8y2 by2

Under the assumption of anti-plane strain, the dilatation V * u is zero (Aki

and Richards, 1980) and the resulting wave is a rotational shear wave. Because
the displacement vector of the wave is always parallel to the z-axis, which for
convenience is assumed to be horizontal, the waves are horizontally polarized
shear (SH) waves.

2. Scattering of Plane SH Waves by a Cylindrical Cavity

The cylindrical cavity illustrated in Figure 11-2 has a radius,
a, and is infinite in length in the cylindrical coordinate system (r,ý,z). The
lossless elastic medium external to the cylinder has a density, p, and a shear

P

eJkx X-0

INCIDENT x<O 
h
h

PLANE
SH WAVE

L>

FIGURE 11-2. GEOMETRY OF PLANE SH-WAVE INCIDENT ON A CYLINDRICAL CAVITY
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modulus, p. To consider the scattering of shear waves by the cylindrical
cavfty, an incident plane SH wave, having its particle motion polarized paral-
lel to the axis of the cavity, is defined as

ux = 0, Uy = 0, and uz = w(i) = ei(kx-wt) , (4)

where:

S= angular frequency;
k = w/cs = wave vector amplitude; and
Cs = SH-wave velocity.

That is, the SH wave propagates in the positive x-direction with constant
velocity, c., and angular frequency, w. Upon impinging on the surface of the
cavity, the incident wave is scattered. The scattered wave is also of the SH
type and is represented by

ux = 0, Uy = 0, and uz = w(S)(x,y,t) . (5)

Since the geometry of the cavity is expressed in cylindrical
coordinates, all field quantities will also be expressed in cylindrical coor-
dinates. The nonvanishing displacement and stress components in cylindrical
coordinates are

uz = w(r,4,t)

w= (6)

Orz = r
I bw

CO~Z = r 6r

and the wave equation is

1 a (r +w I 62w (7)
r - •r +r r 2-•- c 2 6t2

S

Since there are no normal stresses on the surface of the
cavity, the boundary condition is

r • = 0, at r = a. (8)

In addition, no disturbance should be present at r - other than the source
plane SH wave.
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Each particle on the surface of the cylinder acts as a second-
ary source generating scattered SH waves which are represented by the unknown
function w(S)(xy,t). To determine this secondary displacement, the cylindri-
cal wave functions

H(l),(2)(kr) Cos (ný) for n - 0,1,2,... (9)
n sin

must be considered. These functions satisfy the Helmholtz equation in plane
polar coordinates obtained by assuming a time dependence w(x,y,t) =

w(x,yw)e-Jwt; that is:

+--L + k2 ) w = 0 (10)
~r2 r or r 2  +k

(Je Hankel functions of the first kind, Hl)(kr), and of the
second kind, Hý (kr), are related to the Bessel functions of the first kind,
Jn(kr), and the second kind, Yn(kr), by the conjugate relationship

N4l "' 2 )(kr) -Jn(kr) ± JYn(kr) (11)

The wave functions given in Equation (9) are obtained by the method of separa-

tion of variables. If w = R(r)G($), the Helmholtz condition of Equation (10)
can be separated into two ordinary differential equations

r2d2 R + r + (k 2r 2 - n2 ) R = 0 (12)

dr 2  dr

and

A + n20 = 0dý2

where n, an integer in this case, is the separation constant. The 0 equation
is harmonic, giving rise to harmonic solutions in sin nO and cos nt and the R
equation is Bessel's equation of order n for which H( 1 )(kr) and H(2)(kr) are
solutions. n n

When the wave functions given by Equation (9) are combined with
the time factor, e-jwt, they represent cylindrical waves generated by a line
source along the z-axis. From the asymptotic behavior of H(1),(2)(kr)

n

H. (kr) + 2 _/ -[kr (1+2n)n/ 4 ] (13)
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the function H( 1 )(kr) cos r~e-J•-t represents a diverging or outgoing cylindri-
cal wave; that nis, the waves generated by the lne source propagate away from
the origin. Similarly, the function H(2)(kr) cos &e-J-t represents a con-
verging or incoming cylindrical wave. The boundary condition at r = in this
problem eliminates the latter from the scattered waves, hence only the function
H( 1 )(kr) is valid in the solution for the scattered waves.

n

Thus, the scattered-wave function, w(s), may be expressed as

w(S)(r,=,t) I AnHn (kr) cos n~e-Jwt ; (14)
n=O

where the An are the scattered-wave coefficients which represent the axially
polarized shear component of the scattered-wave field in the host medium. The
total SH-wave displacement at the measurement point, P, is given by the super-
position of the incident and scattered functions,

Uz . w(r,1 ,t) = w(i) + w(s) . (15)

To determine the unknown coefficients, An, from the boundary conditions at the
surface of the cylindrical tunnel, the incident plane wave function given in
Equation (4) is written in polar coordinates as

w(i) = ejkr cos 0 e-i•t (16)

which may be expanded in complex Fourier series as

ejkr cos I = Cn(r)ejno
n=-w

in which

Cn(r) r- f ejkr cos • e-n4 d,

2n

i f ejkr cost cos 0 d4
0

The integral definition of the Bessel function

eIjn 2-
Jn(kr) = 2n f ejkr cos cos ro d,

0
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may be compared with Cn(r) to yield

Cn(r) jnJn(kr)
and

eJkr cos 0 = •- nJnJn(kr) cos flo
n-O

where:

1, for n - 0
-n (17)

2, for n ) 1.

Thus, the incident plane SH wave is expressed in polar coordinates as

w(i) I enjnnJn(kr) cos noe-Jwt
n=0

Equation (17) may be regarded as a superposition of an infinite number of
cylindrical shear waves, resulting in a pattern of wave propagation along
the x-axis.

Omitting the time factor, e-Jwt, the total wave displacement at
P, as given by Equation (15) is, therefore, represented by the infinite series,

.C5

w I ( {EnjnJn(kr) + A H( 1 )(kr)} cos no . (18)
n-O n n

At the surface of the cylindrical cavity, the boundary condition given earlier
in Equation (8) yields the coefficients, An, as

•~ jA•(ka)
A C nJ (1)(ka) ; for n = 0,1,2,... t (19)

Using the Bessel identities

ka.TA(ka) = nJn(ka) - kaJn+l(ka)

and

kaH'(ka) - nH( 1l)(ka) - kaH+(ka)
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Equation (19) may be reduced to

A E ~ni j nJn(ka) - kaJn+l(ka) (20)
nH(l)(ka) - kaHln+(ka)

Thus, the SH-wave displacement, w, at a measurement point, P, near the cavity
as given by the Fourier-Bessel sum as

ODw I [cEnjnJn(kr) + Gn(k,a,r)] cos ro , (21)

n=O

where:

Gn(k,a,r) = An(ka)nH(l)(kr) .

To evaluate the amplitude and phase of the normalized SH-wave
displacement for the vector-wave amplitude at k = 0, it is convenient to
express the general solution of the scattered SH-wave displacement in terms
of small argument Bessel functions. Thus, the scattered-wave coefficients,
An, given in Equation (19) for small arguments, (i.e., as ka -, 0), are

-j4() ; for n = 0,
An(ka) = (22)
ka+ ÷ _) k 2 n02jn+l( 2 [n!(n - 1)!]; for n > 1,

and for k 0, the function An = 0 for n = 0,1,... =.

A similar analysis may be performed for the function Gn(k,a,r)
An(ka)Hn(') (kr) as ka ÷ 0. Employing the asymtotic expression for the Hankel
function for small arguments, i.e.,

S 2 logykr; for n 0

Hn(kr) n (23)
ka + 0 (n - I) ! 1

0-j i (kr/2)n ; for n ) 1,

yields
ka)2 [ log (y r o k

2 [l;+ log for n 0,

Gn(k,a,r) (24)

2 (2 j n)n (a; for n >1,
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and, for k = 0, the function Gn(k,a,r) - 0 for n - 0,1,... c. The results forr
k = 0 in Equations (22) and (24) indicate that static non-oscillatory source
forces do not propagate as elastic waves, a fact that serves as a check on the t
derived analytical expressions.

The final expression for the SH-wave displacement at any mea-
surement position, P, in the vicinity of the cavity in terms of the function
Gn is given by

w - ejkr cos * + i Gn(k,a,r) cos no, for r ) a (25)

n=O

where:

0; for k = 0
Gn(k,a, r) IJkr ni j[nJn(ka) - kaJn+l(ka)]Hnkr) 

for k > 0.
nH( 1 )(ka) - kaH(1(ka)

-•~n nn n+l

The total SH-wave displacement in Equation (25) may be expressed in real and
imaginary components as

w ' gSH + jhSH

where:

gSH u Real (w),
h SH u Imag (w).

Then,

w = (g2H + hs2H)l/ 2eJO*

in which

I0*(kr) = tan-1(hsH/gSH).

A normalized amplitude, Ah(kr), and relative phase, Wh(kr), may be defined
by combining Equation (25) and the incident SH-wave displacement given in
Equation (16). Thus,

Ah(kr) = (h2H + g21/2

and (26)

ýh (kr) tanl1(h S/H I ) -H kx
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where Oh(kr) is in radians. Equations (25) and (26) were used to develop the
displacement amplitude programs dispa, dispb, dispcd, and dispe, as well as the
subroutine plane-scatter presented in Appendix H.

3. Scattered Energy

The rate of energy flow across a surface, S, having a unit
normal vector, n , is given as (Pao and Mow, 1973)

E = -ffsniaijjdS (27)

in which E is the total energy (strain energy and kinetic energy), n • a is
the stress vector at the surface element, dS, and u is the particle velocity.
The integrand of Equation (27) is the actual rate of work done by the surface
traction per unit area and, by the law of conservation of energy, this rate of
work equals the flow of energy across a unit area per unit time.

In the case of steady-state waves, both the stresses and dis-
placements, aij and uj, are harmonic functions of time which can be written as

aij(xk,t) -Jij(xk)e-Jwt (28)

and uij(xk,t) = iij(xk)e-Jwt

where a'j and Uj are complex functions. Since Real (u) = (u + u*)/ 2 where an
asterisk indicates the complex conjugate of the corresponding quantity, then
the energy may be expressed as

Ssi(i * * " *"

E -1/4 fJ ni(aijuj + aijuj + aijuj + aijuj)dS • (29)

Thus, the time average of energy flow is given by

Ave(E) =I T Edt w-4j ffsni (ijd* - Yijuj)dS (30)

For an incident plane SH wave, the time average energy flux per unit area is

i ~ ~Ave (;) * *
Ave ) = v;)- S JW(6Gxzlw - xz) (31)

where:

axaz - ikeJ(kx'm /2)

Cxz - gke-j(kx+•/ 2 )
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w w jikejkx

-* k -jkxw Pke-

After substitution, the time average energy carried by the incident wave per

unit area is

Ave[e(i)] =Ikw . (32)

The energy flux across a cylindrical surface r = R (per unit length of the

cylinder) is

1 2n

Ave(E) - - JWf [5rzi - 5rz'Wr=R RdO o (33)
4 0

Substituting the scattered-wave displacement, w(S), and stress, (yrz(S), into
Equation (33) leads to

Ave) - i ")AnAnkR[Hn(kR)Hn(kR) - Hn (kR)Hn(kR)] ' (34)

n=0o

where use has been made of the orthogonality condition

"f 2ncost# cos n4 d = 6 nm ; n* m* 0
0

As kR

:b1•: ~ 2 1/2 ) /

Hn(kR) (2)./2 eJ[kR- (n+1/2)I/21

and, hence, Hn(kR) + JHn(kR).

Thus, at a large distance, R,

Ave[e()] ji kcs[2AoAo + I AnAnI . (35)
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A natural reference against which to compare the total scattered energy is the

time average of the energy flux per unit area of the incident wave given by
Equation (32). Thus, defining the ratio of these two energies by Q yields

Ave (i(s)] 2 CO36
Q [2AoAo + I AnAn] (36)

Ave~e(i)l kn= n

Since Q has the dimensions of area per unit length, the quantity Ave[;(S)] may
be referred as the energy scattering cross-section of the cylindrical cavity.
Thus, the normalized cross-section (or the dimensionless normalized cross-
section) is given by

2a ka n= a An(ka)I (37)
n= I

where:

I ;for n 0

1/2 ; for n 1 I

and the scattered-wave coefficients which represent the axially polarized
shear component of the scattered wave field in the host medium is given by
Equation (20).

Equation (37) may be used to calculate the normalized plane SH-
wave scattering cross-section as a function of the variable ka to investigate
the cavity scattering response at large distance and as a function of fre-
quency. To calculate the angular distribution of the scattered energy at dif-
ferent wavelengths, the energy flux per unit area given by the integrand of
Equation (33) may be used. That is,

Ave[e(S)] - •4 (AnAmkHn(kr)Hm(kr)
4n-0 m-O

(38)

-AnAmkHn (kr)Hm(kr)] x cos ro cos n* •

In this case the dimensionless normalized scattering cross-section is given by

y($,r) ' [AnAmkHn(kr)Hm(kr) - AnnAmkHn(kr)Hm(kr)] (39)

n-O m- mO
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r
where the scattered-wave coefficients, An and Am, are obtained from Equation
(20) and

krHn(kr) - nHn(kr) - krHn+j(kr)

4

kr r) - nHn(kr) - krHn+l(kr)

in which Hn(kr) EHý (kr).

Equation (39) may be used to calculate the normalized plane SH-wave scattering
cross-section as a function of the variable, ka, to investigate the change of
direction of the scattered energy about the cavity.

4. Scattering of Spherical SH Waves by a Cylindrical Cavity

The geometry of the point source SH-wave scattering problem is
illustrated in Figure 11-3. An infinitely long cylindrical cavity of radius,
a, occupies the space r 4 a and - < z < - in the cylindrical coordinate system
(r,$,z). The region r > a external to the cavity has a density, p, and a shear
modulus, p. The SH-wave point source in the elastic medium acts along the
z-axis (parallel to the cylinder) and consists of a body force, f(t - R/cs),
at the position S(-xsysZs). The axis of the cavity contains the origin of
the cartesian coordinate system x, y, and z.

For the conditions stated, the SH-wave displacement, u(i),
excited by the point source in a lossless unbounded medium is a solution of
the inhomogeneous wave equation and is given by deHoop (1960) and White (1965).

u(i) . f(t-R/cs) (40)
4npcs 2 R

where:

Cs= SH-wave velocity

and

R - [(x-Xs) 2 + (y-ys) 2 + (z-zs )211/2

is the distance from the SH-wave source to the measurement point, P, at coordi-
nates x, y, and z.

20f



P

p SH POINT SOURCE r (x,y)

-fb(• '~s .
(b 'tan-lY-x

YS rs YS

(Its =tan- 1  Ys
S - - Xs

FIGURE 11-3. (MOMETRY OF SPHERICAL SH-WAVE INCIDENT ON A CYLINDRICAL CAVITY

In practical seismic exploration, the source usually generates
short pulses and the objective is to obtain the transient solution of SH-wave
scattering from buried tunnel targets. Since in most cases such transient
solutions are difficult to obtain directly, the steady-state solution of the
scattering of transient spherical SH waves may be synthesized by using the
Fourier integral theorem. Thus, the incident SH-wave displacement may be
expressed as

u(i)(R,t) = f* f(i)(Rw)eiwtdw (41)

where:

u(i)(R,w) - f u(i)(R,t)e+-iwtdt (42)

provided that fcIu(i)(R,t)Idt exists.

The quantity G(i) is the Fourier transform of u(i). If Equation (40) is sub-
stituted into Equation (42), the SH-wave displacement excited by the point
source is obtained in the frequency domain as

( F(w) eJkR

4npc2 P (43)
s

where F(w) is the body force in the frequency domain.

Introducing the known integral representation,

R (1) i oJ(rrrsi)je
H -- r s =2" d1 (44)
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=I
where:

ir-ri 1 [(x-xs)] 2 + (y-ys)2]1/2

kr - (k 2 _ 2 )1/2 * ¶

The Hankel function in Equation (44) may be expanded in terms of cylindrical
functions using the addition theorem for Bessel functions,

H~l(rskr)Jn(rkr)en( s) for r < rs
n=-

Ho(l)(krlr-rs) - (45)

n-ml(rkr)Jn(rskr)e ;•for r > r.

Since the point source is outside the cylindrical cavity, then the incident
SH-wave displacement is expressed in terms of cylindrical functions as:

j(i) . IF(:) Ic n Hn(l)(rskr)Jn(rkr)ejn(O-0s)dpe j(z-zs)

(46)

JF(w) f Hn(l)(rskr)Jn(krr)eJn(&-Os) cos O(Z-Zs)d•
4pitc2 o nI-

Introducing the integral summation operator defined by

r [.- f ] = (.I.) eJn(O-0s) cos P(z-zs)do , (47)
0 n=-•

the operator r is recognized as a Fourier integral in the z-direction along
the axis of the cylinder combined with a Fourier series in the 0 direction.
Thus, the incident spherical SH-wave displacement expressed in a cylindrical
mode expansion is given by
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id W= C(wJ)Hn(rskr)Jn(krr) , for n = 0,+1+_2,..., + (48)

2where C(w) = JF(2)/4tpcs

Since the scattered spherical SH-wave displacement is a solution of the Helm-
holtz equation, this displacement may be expressed in terms of cylindrical
wave functions referred to the cylindrical cavity axis as

U(s) = BnHn )(krr) , for n = 0,+1,..., (49)

to represent outward-traveling waves. Since the total SH-wave displacement
is considered as the sum of the incident and scattered waves, then

-t (1)un = C(u)Hn(rskr)Jn(krr) + BnHn (krr) (50)

At the surface of the cylindrical cavity, r = a, the stress-free boundary
condition

- tO un
arz - =0

leads to

!Jn(akr)

Bn - C(W)Hn(rskr) ; , for n = 0,±l,... ± (51)
Hn(akr)

Thus, substituting the scattered-wave coefficients given by Equation (49) into
Equation (46) and applying the integral-summation operator defined by Equation
(47), the steady-state solution for the total SH-wave displacement at the
measurement point, P, is

t(W) - JF(w) 2 1 ejn(.s)tHn(rskr)Jn(krr)
S0 n=-w

(52)

+ cn(r,w,kr)Hn(krr)} cos O(Z-Zs)d.

where:

!Jn(kra)

Gn(r,w1,kr) - - , Hn(krrs) , (53)
Hn(kra)

23



and the corresponding transient solution becomes

ut(t,r) - u(i) + J - f [e-JwtF(w)f D(wp) cos P(z-zs)dpIdw (54)8n2pc2
s 0"

where:

D(w,p) G • Gn(rw,kr)Hn(krr)enj(4-0s)

5. Scattering of Cylindrical SH Waves by a Cylindrical Cavity

io solve the steady-state solution for an SH-wave line source,
the point s rce representation given in Equation (40) may be integrated along
the z-axis. That is,

_(i ) =F (w) - eJkR
4nc 2  f R dz

S

Next, using the integral solution

cceikR();• R dz - njHo (kjr-rsj),

the incident cylindrical SH-wave displacement becomes

_(i) JF(w)H4pc 2  o(I)(kjr-rsj)
s

which may be expressed in terms of cylindrical functions as

_i) _JF() l sJ Jn(-s2
4PCs2n=
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As in the SH-wave point source solution previously developed, the scattered
cylindrical SH-wave displacement can be expressed in terms of cylindrical-wave
functions as

-S Jn(=
ut CnHn(1)(rk)e

n=--w

to represent outward-traveling waves. Thus, the total SH-wave displacement at
position, P, is

s n=-=

+ C•nHn (rk)en (55)

Applying the stress-free boundary condition at the surface of the cylindrical
cavity leads to the solution of the scattering coefficients for a line source
of SH waves

F H()() kJ)(ak)
Cn J- (r2 ) n s '

s Hn(ak)

Thus, the steady-state solution for cylindrical SH waves scattered from a
cylindrical cavity in an unbounded elastic medium Is

u 4-t ipc2 { . enJ( (S)[Hn(rsk)Jn(rk) + QnHn(rk)]} (56)

S nu-m

where:

nJ(ka)
Qn H I (ka) Hn(krs)

and the corresponding transient solution is

S.1 -_L.._ Fe-iatF(zj)N(w)d&

ut(t,r) pc -J
4p c25
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where:

N(w) H iHn(krs)[Jn(rk) + QnHn(rk)]en( s)
n.-m

6. Attenuation and Dispersion Along the Ray Path

The steady-state solution reported for elastic-wave scattering
from an infinitely long cylindrical cavity in an unbounded homogeneous solid
medium may be extended to include attenuation and dispersion. The total SH-
wave displacement expressed in terms of a complex propagation constant, ks, is
given by

tw)-F(w) _______

ut(W) . 2 {jjnHo(kslr-rsi) - jit 1, H (ksa)
4np c2 n(ksa)

x Hn(rsks)Hn(rsks)eJn(O'•s)} (57)

where:

k s  w) + ja(w)

m(w) - the absorption coefficient; and
c(w) - the phase velocity.

To calculate synthetic seismograms, the attenuation and disper-
sion model developed by Futterman (1962) was implemented in the general steady-
state solution of the total SH-wave displacement stated in Equation (57). The
corresponding time derivative for the total SH-wave displacement was obtained
by the Fourier transform method. Futterman states that if the medium behaves
in a linear manner, then, as a consequence of the principle of causality, the
presence of attenuation also requires the presence of dispersion; that is, if
the imaginary part, a(w), of the complex propagation constant, ks, is known,
then the real part, w/c(w), can be determined. In particular, if

,a: (w) 2Qoc[ 1-e-w/w°] (58a)

then,

c co I log ( )] (58b)
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where:

co = the phase velocity at wo; and
Qo = value of the quality factor, Q, at wo.

The Futterman model has wide applicability and covers a broad

frequency range. It is limited at low frequencies by a finite arbitrarily
small but nonzero cut-off frequency, wo, below which there is assumed to be no
attenuation. That is,

W/co ; for w < wo (59a)

ks =

W + ja () ; for w ), o (59b)

Substituting Equations ( 5 8 a) and (58b) into Equations (59a) and (59b), respec-
tively, the parameter, aks, for the Fiutterman model is

a ka ; for ka < koa

ak,

kaI Jka -e ka° ; for ka a koa (60)
nQo l ýogka) +2QO L k-J; ork)

The numerical solution of Equation (60) is computed by the complex function zk

program presented in Appendix H.

Figure 11-3 shows the geometry used in analyzing SH-wave scat-
tering from a cylindrical cavity in an unbounded lossy medium for incident
cylindrical SH waves. The total SH-wave displacement at measurement point,
P(x,y), consists of the sum of the incident wave and the wave scattered from
the cylindrical cavity. The total SH-wave displacement is expressed by Equa-
tion (57) presented earlier, and its corresponding time derivative is

u'(t) =n-J F(w)T(w)we-Jwtdw_, (61)

where:

T(w) -;Pc2 {JnH°(ks r-rs) -Jn HnJ(ksa)

x Hn(ksrs)Hn(ksr)eJn(O-1s);

k =W) + ja ) ; and
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F(w) m a body force acting parallel to the z-axis at the position(Xs,Ys).

The body forc'e, F(w), is obtained from the frequency transform
i
I

F(w) f f(t)eJwtdt (62)
o 0

in which f(t) is the applied SH-wave pulse signal defined, for the present
analysis, by

f(t) = Pte-Ot sin ootU(t) , (63)

where U(t) is the unit step function. The frequency spectrum of f(t) is given
by

F(w) = 2Pw 0(p-jw (64)
[((-jw)2 + w.o2]2

where:

=0.9 0/; and
WO =the peak frequenLy in the pulse spectrum.

Equation (63) was used to compute the real function pulse (t) program pre-
sented in Appendix H.

E. SH-Wave Scattering from a Cylindrical Cavity in a Homogeneous
Half-Space

1. Scattering of Spherical SH Waves by a Cylindrical Cavity

Figure 11-4 illustrates a semi-infinite homogeneous isotropicelastic half-space having a shear modulus, [i, and a density, p. A cylindri-
cal cavity of radius, a, is located in the lossless half-space at a depth, h,
from the free surface. An SH-wave point force in the elastic medium acts
along the z-axis (shear polarization parallel to the cylinder) and represents
a body force, f(t - R/cs), at the position S(-xsysZs). The axis o• tOe
cylindrical cavity contains the origin of the x,y,z cartesian ccardinate
System.
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FIGURE 11-4. CROSS-SECTION OF A CYLINDRICAL CAVITY IN A
HOMOGENEOUS HALF-SPACE

The displacement field of the SH-wave point force satisfies the
inhomogeneous wave equation and, in the frequency domain, is represented in
terms of cylindrical functions. For the region y < h:

(i) F() f CI H(1)(rskr)Jn(rkr) x eJn(0-0s) cos O(Z-Zo)dP (65)4np c2 n
S 0 n=-w

where:

rs=(2 + 2)1/2•;
r= (x +

r = (x 2 + y2) 1 / 2 ;

0 , tan-[(x/y);

0s - tan-1 (-xs/ys); and

kr - (k 2 - P 2)1/2.

The analysis of scattering of spherical SH waves by a cylin-
drical cavity in a homogeneous half-space may be deduced in terms of the
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corresponding whole-space solution by using image theory. In fact, one of the
boundary conditions for this half-space problem states that the traction is
zero at the surface interface. This effect may be achieved in a whole space
by matching each source in the lower half-space plane (y < h) with a source of
equal magnitude and opposite polarity placed at the source image position in
the upper half-space (y > h). The SH-wave displacement distribution in each
half of this composite whole-space arrangement will then be the same as the
sought-after displacement distribution in the half-space problem.

From a physical point of view, the spherical SH waves produced
by the point source in the lossless half-space medium are reflected from the
plane-surface (y - h), and scattered and diffracted by the surface of the
cylindrical cavity, r - a. Therefore, the resultant total SH-wave displace-
ment, it, is a superposition of the incident, reflected, scattered, and dif-
fracted waves and must satisfy the traction-free boundary conditions:

At the surface of the earth (y h):

Oyz = P• • -= 0 .

a at

At the surface of the cavity (r = a):

I
0 rz = 0. (66)

To obtain the solution for the scattered SH waves by the cylin-
drical cavity, two cylindrical cavities are considered to exist in the image-
based whole-space geometry shown in Figure 11-5. The cavity of radius, a, in
the lower half-space (y < h) with axis at (0,0) occupies the space r 4 a and
-• < z < - in the cylindrical coordinate system (r, ,z). The cylindrical
cavity of radius, a, in the upper half-space (y > h) with axis at (0,2h) occu-
pies the space rh 4 a and -< ( zh < in the cylindrical coordinate system

(rh,Oh,Zh)0
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FIGURE 11-5. WHOLE-SPACE CONTAINING REAL AND IMAGE CAVITIES AND REAL AND

IMAGE SOURCES SYMMETRICALLY PLACED WITH RESPECT TO THE y = h PLANE

To satisfy the boundary conditions at the free surface, the

image of the incident SH-wave displacement is expressed as

U" I H n~l)(rsk r)Jn(rk r)e j n • • ) c s • Z Z~ • ,( 7

Uh n 42 n h Cos P(Z-Z0 )dp (67)
Uh 4p s 0 n=--

whe re:

rs - [(2h-y )2 + x2]1/2

h S s

0 -s -s

h tan- [ 2h-ys
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I
To represent outward-traveling waves, the scattered SH-wave

displacements Gh(s) and u(s) must be of the form

6(s) f AnH()(rkr)ejný Cos (Z-Zo)d (68)
0 n=- n

and

U(s) =f AnH(1)(rhkr)einOh cos O(Z-Zo)do (69)h n nh r
0 n-w

in which

rh = [4h 2 +r 2 -4rh cos 0]1/2

In the whole space, the derivatives with respect to y of the
u(i)+ h(M) and U(s) + U(s) must vanish at y - h because of the symmetry of
their representation. ýhus, in the half-space, y 4 h, the sum of the incident

SH-wave displacements, u(i) + u(i)), and the scattered SH-wave displacements,
u(s) + (es) tisfiesethe tracieon-free condition at y - h. The resulting
total SN-wave displacement in the elastic half-space, 5t~, is

[t- UMi + u.Mi + if(s) + iu~s) (70)

Ah

and must satisfy the traction-free condition at the surface of the cavity,
r = a.

Using the addition theorem for the Hankel function

H(1)(rhkr)eJnh " Jm(krr)H(l)(2krh)eJu* , (71)

the total SH-wave displacement in the wave number domain may be written as

u- = jw [ {Hn(rsk)e- + Hn(rskr)e-n }Jn(rkr)eJnh

+ I AnHn(rkr)eJno + AnJm(krr)Hn+m(2krh)ejmt . (72)
_n=-* n=--3 m=-2
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The use of the traction-free boundary condition

I 0 (73)
5r rma

leads to an infinite set of algebraic linear equations for the determination
of the unknown wave coefficients, An. Upon normalizing Equation (72) by the
factor • this linear system of equations is given by

4ip c
2

S

Jn(k a) Jn(kra)

S(m6nm Hn+m(2krh)}= J(r {Hn(krrs)e-jnoh + Hn(krrs)e-Jnos};
m=-= HA(kra) H'r(kra)

for n = 0,-I,+2,... - , (74)

where:

Am

a = JF(w,)

4np c2

and

1; for n m
6nm

0; for n* m.

Finally, the steady-state solution for the total spherical
SH-wave displacement at the measurement point, P, expressed in terms of the
scattered-wave coefficients, am, is given by

S

F(w) ejkRs ejkRh
4it pcs2{ Rs ýJ

F 4n2(21-) f " amnj[Hm(rkr)eJmi + Hm(rhkr)eimh]
S m"

x Cos P(Z-Zo)do , (75)
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whe re :

Rs [(x-xs) 2 + (y-ys) 2 + (z-Zs)2]I/2

Rh - [(x-xs) 2 + (y+ys-2h) 2 + (z-zs)J1/2

r - (x2+y2)1/ 2 ;

rh - (4h 2 +r 2 -4rh cos 0)1/2;

-h - sin-I (L sin s) ; and

* - tan-I (x/y).

The corresponding transient shear-wave displacement, ut(r,t),
may be represented as the sum of the incident field displacement, u(i)(r,t),
and the scattered field displacement as follows

ut(rt) - u(t)(rt) + u(S)(rt) . j

The incident field is given by

)= 1 f(t-Rs/cs) f(t-R'/cs)1  (76)

4itc21 Rs RS h

The scattered field can be expressed in the form of a two-
dimensional Fourier transform over frequency and axial wave number as

ut(rt) 2 f' f- [(F(w)T(wA)IeJO (z-zO) e-JwtdBd (77)

where F(w) is the Fourier transform of f(t) and T(w,p) is given by

T(w,) 1 anj[Hm(rkr)eJi ÷ + Hm(rhkr)ei•h] . (78)•"• T(•,,)- p c2 ="l~
i3
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The- integral representation for the scattered field in Equation (77) may be
evaluated numerically and the result added to the incident field given by
Equation (76) to obtain the total field. A numerical method of integration
used by Tsang and Rader (1979) may be implemented to evaluate the integral in
Equation (77). This integration method is referred to as real-axis integra-
tion because a Laplace contour is used in the frequency integration, while a
path along the real axis is used in the wave number integration. Using this
method, singularities in T(w,p) are located away from the integration path and
aliasing problems are reduced.

In this method, the integral over frequency is performed first
for each complex-valued frequency. The 0 integration is given by

b(wz) = .TG*,p)ei~zo

The result is then Laplace transformed over frequency by evaluating the
integral,

u(s)(r't) f 2--• f F(0•) b(wo,z)e-jwtdw
2n ,+JWoI

where wi > 0.

2. Scattering of Cylindrical SH Waves by a Cylindrical Cavity

The steady-state solution for elastic-wave scattering from an
infinitely long cylindrical cavity in a homogeneous lossless half-space for
incident cylindrical SH waves proceeds in a manner similar to that derived for
incident spherical SH waves.

The incident cylindrical SH-wave displacement is expressed in
terms of cylindrical functions as

(i~) - jE(W) • Hn(rsk)Jn(kr)ein(-s) (79)
4pc2 nL-

and its associated image incident displacement function is

h 4p c2 h-
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where the radial distances r5 and r• and the angles * and h have been defined V

in Figure 11-5. Alternatively, the scattered cylindrical SH-wave displace-
ments U(s) and -%(s) are represented, respectively, by

G(s) , An~n(rk)eJno

and (81)

Gf(s) = AnHn(rhk)eJn~h
h n-w

in which rh - (4h 2 + r 2 - 4rh cos 0)1/2.

Using the addition theorem given in Equation (71), the result-
ing total SH-wave displacement may be written as

4 2 ( jn[Hn(rsk)e-i s + Hn(rhk)e-nhJn(kr)ejn]
4np c2

+ I AnHn(rk)eJn4  + I I AnJm(kr)Hn+m(2kh)eJmO . (82)

n=--* n=-w m=-"

After applying the traction-free boundary condition at the surface of the air-
filled cavity, the following infinite set of linear equations is obtained:

" JA(ka) J~a H~r)ih 1~ren5

am [6nm + na) Hn+m(2kh)] Jn(ka) [Hn(krs)e-jn*h + Hn(krs)e-Jn~s];m=•H'(ka) nH( (ka)h

for n 0,±I,±2,... + , (83)

where:

Am
am  Am(c) for k * 0

4np c s

am= 0; for k 0
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and

= 1 ; for n = m

6nm
0; for n $ m.

Finally, the steady-state solution for the total cylindrical SH-wave displace-

ment at the measurement point, P, expressed in terms of the scattered-wave

coefficients, am, is given by

ji(t)(L) = F(wP) [njHo(krI) + njHo(kr2)]
4np c2

SF(w ) 2 ammj[Wm(kr)eJr# + Hm(krh)ejmOh] (84)
4np c2sMI

where:

rl - [(x-xs)
2 + (y-ys)2]I/2.

r2 = [(x-xs) 2 + (y+ys-2h)2]1/ 2 ;

r = (x2+y2) t2;

rh = (4h 2 + r 2 - 4rh cos ) 1/2

Oh = sin-I (I- sin 0) ; and

S- tan-1 (x/y).

The corresponding transient shear-wave displacement becomes

u(t)(r,t) = u()(ri,t) + u(i)(r2,t) + u(s)r,t) . (85)
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The scattered field displacement, u(S)(r,t), can be expressed in the form of a

one-dimensional Fourier transform over frequency as

u(n)(r't) f Co _e-JwtF(w)Tj(w)dw - f(t) * Tj(t) (86)

where:

To = 1 amnj[Hm(rk)eJmiO + Hm(krh)eimbh] (87)4np c2

and

T1 (t) Tj(w)e-JWtdw (88)

The incident field displacements, u(i)(rl,t) and u(i)(r2,t), can be deduced by
applying the Cagniard-deHoop method (deHoop, 1960) for solving seismic pulse
problems. Each of the incident SH-wave displacements given in Equation (85)
can be obtained from the function represented by

t
u(i)(r,t) f f(t-r)g(r,t)dr , (89)

0

where:

:0; for (0 < T < r)

g(r,r)=
1 r22c (12 __= )-1/2; for L< <.)

2npc 2  ;2 r cs (90)5 5

is regarded as the wave function corresponding to the delta function time
dependence of the SH-line source.
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F. SH-Wave Scattering from a Cylindrical Cavity in a Two-Layer
Half-Space

The steady-state and transient solutions for elastic-wave scattering

from an infinitely long cylindrical cavity in a two-layer homogeneous lossless
solid medium is developed for incident cylindrical SH waves. The cylindrical
SH waves are generated by a line source within the two-layer half-space medium.
Formal analytic expressions are developed for the particle displacement of
scattered waves at any detector position in the host medium for an SH-wave line
source oriented parallel to the axis of the cavity. Analytical expressions are

derived for SH-wave displacements to investigate the effect of the surface
layer on the detection of SH waves scattered by the cylindrical cavity. In
addition, to compute particle velocity seismograms, an expression for the time
derivative of the total SH-wave displacement is presented and the corresponding
transfer function is included as part of the computed sythetic seismograms.

1. Formulation

The derived theoretical solution is in the form of an integral
equation, the unknown being the total SH-wave displacement on the surface of
the cylindrical cavity. The integral -equation requires the two-layer half-
space Green's function and the incident SH-wave displacement for a line source
to be evaluated at the surface of the scattering target. Then, the integral
equation is reduced to a matrix equation, which can be solved numerically by a
direct method. Thus, the SH-wave displacements outside of the cylindrical
cavity are found by integrating the two-layer half-space Green's function on
the surface of the cavity. Summed with the incident SH-wave displacement, the
combined results represent the total SH-wave displacement at any detector
position in the two-layer medium.

2. The Two-Layer Half-Space Green's Function

A stratified earth representative of a weathered surface layer
and a bedrock semi-infinite half-space may be simulated by a two-layer model.
This model consists of a bedrock cavity host medium of density, P2 , shear
modulus, p2, and shear-wave velocity, c2, overlain by a surface layer of
thickness, h, density, P1 , shear modulus, ýij, and shear-wave velocity, ci, in
which ci is less than c2.

An SH-wave line source is located at the position P'(x',y'), and
the radiated SH-wave particle displacement is detected at the position P(x,y).
Both the line source and the measurement point are located in the bedrock layer
as shown in Figure 11-6.

The steady-state Green's function for SH-wave particle motions
satisfies the wave equations

2 2

(V +kl)GI(x,y;x',y') = 0 ; for 0 4 x 4 h

and

(V 2 +k2)G 2 (x,y;x',y') - -6(x-x')6(y-y') ; for x > h , (91)
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whe re:

5,2 5+ 2 ) - - ; k - -
,2 (- + ; and k1 -l k2  in which cl < c2

The Green's functions for cylindrical SH-wave motions may be
developed using the spectral representation of the free-space Green's function
developed in Appendix A. Thus, the Green's functions for the regions of dif-
ferent elastic properties are:

For the region 0 4 x 4 h:

Gl = J- [ fl(X)e-Y + gl(X)leYx] e dX(Y-Y')x . (92)

For the region x > h:

G2 = L [e-Y2xx I + f 2 (X)e-Y2x] e X(Y')dX (93)

where:

¥I . (k2-kl2)1/2;

and

2 1/2
O(X -k2 )
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The determination of the square roots is such that Real {YI,Y 2} > 0 over the
entire path of integration, -• < X < -. The factors fl(X), gl(k), and t2(X)
are arbitrary functions of X which render the integrals cn-(":Lgent and satisfy
the following boundary conditions:

At the surface of the earth:

6Gl (94)[•1 FX- ]x=0 = 0 . 94

At the layer interface (continuity of stress and displacement
are required):

[PI] 'G' = [2 'Gx2 h
[ 6x )-- x=h axx=h

and

[Gllx=h = [G2]x=h (95)

These relationships lead to three linear algebraic equations to be solved for
the unknown coefficients fj(X), g1(O, and f 2 (X). Solutions of the Green's
functions for the surface layer and the bottom semi-infinite region are:

For the region 0 ( x 4 h:

Glx~~',')c(X -y2(x'-h) le-Y 1(x+h) +e-Yl(h-x)
Gj(x,y;x',y') =-• c 1 (X) - {e l( +) e

Y
2

x eJX(Y-Y')dX . (96)

For the region x > h:

L •_{-Y2lx-x'l +2(e-y2(x+x'-2h)l

G2(x,y;x',y') =- f le +C 2 (X )e

x eX(Y-Y' dX (97)
Y2
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where:

ElJ(X,) T(X (98)
1 - R(X)e-2•'lh

and

-R(X) + e-Zylh
I - R(X)e-zY1lh

in which

T(X) = 2L 2Y 2 (100)
T( I = il + 42Y2

and

Ply, - P2Y2R(X) = 1Y 1 + •2'Y2 •(101)

To represent cylindrical SH-wave particle motion in terms of
outgoing waves at infinity, the Green's functions given in Equations (96) and
(97) are expressed in polar coordinates (r,O). For convenience, Yl and Y2 are
replaced in Equation (97) by -Jal and -Ja2, respectively. Thus, the bedrock
Green's function, G2 , may be rewritten as

{ja2(x-x') ja2(x+x'-2h) eik(YY')dk (102)

G2 (xy;x',Y') = '- •fe + £2(X)e --2-jX(0

where:

al = (k 1
2 - X2 ) 1 /2

a2 = (k 2
2 - )2)1/2

Figure 11-7 shows the appropriate geometry for developing a
solution for cylindrical SH-wave motions. This solution may be expressed in
terms of a cylindrical wave function having its origin at the position (H,d).
Making the substitution X = k 2 sin 0 in the second term of Fquation (102)
leads to the Green's function in polar ccordinates.
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FIGURE 11-7. GEOMETRY FOR THE GREEN'S FUNCTION IN POLAR COORDINATES

S ¼ I °+1 2 __2ia2(H-h)-kr o (+)

G2(xy;x',y') -- Ho(k 2 1r-r'l) + - f % k () e2 e .ik2r cos 4+0

x e-jk2r' cos (0'-e)dG) . (103)

Next, substituting the identities

e-jk2r cos ( =+O) = (_j)meJ(+OP)mJm(rk 2 )

and

e-Jk2r' cos (W'-0) . [ (_j)me(0-,)nJ n(rJk2) (104)

and the addition theorem for the Hankel function as given by Harrington (1961)

co

Ho(k 2 1r-r'l) = I Hn(k2r)Jn(k 2 r')ejn(0-e') (105)
nm-,



into Equation (103) yields the cylindrical mode expansion for the Green's
function in the cavity host medium. That is,

G2(x,y,x',y') I Jn(k2r')e-JnO{ijjHn(rk 2 )ejnO

+ Jn I eJROJm(rk2)Pnm} (106)

where:

2ja2(H-h) + JO(m+n)1n (-j•
Pnm = (-j)n+'m •* '• 2 (x) a2 ( dX (107a)

in which

8 - tan-l(X/a2)

or where:

P'fl= (-J)n~1 f F2(0)e2Jk2(H-h) + JO(n+m) d (107b)

where the integration path, r, is described in Appendix D.

Following the procedure used in deriving the bedrock Green's
function, the surface-layer Green's function, G1 , in terms of ai and a2 may be
written as

Gj(x,y; x',y') f l(X) ea2 [ejal(x+h) + e]al(h-x)

x eJX(Y-Y')dX . (108)

Making the appropriate substitutions to convert Equation (108) to polar
coordinates, the surface layer Green's function, G1, becomes

Gl(x,y;x',y') -1- j i. Jm(r'k2)e-J4l' . eJnoJn(rk2)Qnm (109)

44n=-c
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where:

m (-j )' n~ x 1(X)e a2( 2 H-h)+jo(n+m)[ (e ja(x+h) + ejaj(h-x) ]dX

in which

8 - tan-' (W/a 2 ) (llOa)

or where:

=(-jsn+m f fdc 1(0)eeik2( 2 H-h-x) cos e + j0(n+m)QnF

~x [ejk2a(8)(x+h) + eJk2a (e)(h-x)] (IlOb)

in which:

a(O) = (k 2 /k 2 - sin2o) 1 / 2.
1 2

3. Incident SH-Wave Displacement for a Line Source in a
Two-Layer Half-Space

The incident SH-wave displacements for a line source located at
(xs,ys) in the semi-infinite bottom layer satisfies the wave equations

(V2 + k, 2ul(i)) 0 0; for 0 4 x 4 h

(V 2 + k2
2u2 (i)) = -F(2) 6(xXs)6(y-ys); for x > h (111)P 2c22  (- 5 Syy)

where kj and k2 are defined in Equation (91). The function F(w) is a body
force acting parallel to the z-axis at the position (xs,ys). Since the wave
equations given in Equations (111) and (91), respectively, have the same forms
and they are subject to the same boundary conditions, the incident SH-wave
displacements may be deduced directly from Equations (96) and (97).

For the region 0 ( x < h:

e JF(W) , E(,) ti+Ja2(xs-h) ja(x+h) +eal(h-x)

4P 2c2 2 n aL

iX (y-ys)d.

x e 5 dX (112)
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4. Integral Equation Solution for SH-Wave Scattering from a
Cylindrical Cavity in a Two-Layer Half-Space for a Detector
in the Bedrock

The total SH-wave displacement, ut, in a medium is composed of
two parts: the incident wave, u(i), and the scattered waves, u(s). That is,

ut = u(i) + u(s)(18)

Each of these wave functions satisfies the first (interior) and second
(exterior) Helmholtz equations as given in Appendix B. For a cylindrical
air-filled cavity, the normal derivative of the total SH-wave displacement
vanishes at the cavity surface, S (i.e., the stress-free surface boundary con-
dition is satisfied). Under this condition, the total SH-wave displacement,
ut, at the surface, S, may be obtained from Equation (B-7) and it satisfies
the integral equation

-u(i)(r) . 3_jf ut(r') WG(r,r') dS ; for r on S

4)r Sr br' (119)

Next, the Green's function given by Equation (106) and the
incident-wave displacement as given by Equation (115) together with the total
SH-wave displacement on the boundary S(r' W a), assumed to be of the form

ut _ BjeJi10'=, (120)

are substituted into the integral equation given by Equation (119). With
dS = ado', where a is the radius of the cavity, the integral equation takes
the form

Sbu2M 1 ) 2n =,
7 fo BjeJ•o@ado'

x {J- Jn'(k2a)e-jno'[Hn(rk2)ejno + I Jm(rk2)eJil*Pnm]} • (121)
n=-w M=-.m

Utilizing the properties

I 27ceJd 0O; for I n

21 'o 1; for I. n
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Equation (121) (at r = a) is reduced to

6u 2 (i) a
= 2 jBjJj'(k2 a){Ht'(ak2 )eJIt + O a . (122)

br r=a X •' •M=--

Substituting the incident wave of Equation (115) into Equation
(122) yields

F(w) 2rJ I Jn'(k2a)ejnt[Hn(rsk2)e-jnfs + Sn]1

4P 2C2 n=--

- jr(BtJt'(k2 a))[Ht'(ak2)eJiU + I Jm'(ak2)eJmiPtm] . (123)

After some algebraical manipulations, Equation (123) may be
reduced to

I [(a BmJm'(ak2)I{6nm + n'(ak2)n
mM--2 Hn,'(ak2) nm

F(w) Jn'(ak2)[ )e-jns + S n] (124)
4•p2c2 2 Hn'(ak 2 )Lns 2

where:

Sn ,,[e-j•'OSJjL(rsk2)Ptm.

Then, making the substitution of

BM a bm
B3 •

SJm'(ak2)
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in Equation (124), the linear system of equations for the bm unknowns may be
expressed as

•.bm6n +Jnn'_(ak2) F(w•) Jn'(k2a)
b Pn6nm + " P 4n- F 2 ) Jn'(k2a) [Hn(rsk2)e-jmos + Sn] (125)SHn' (ak2)4nP2C2 2 Hn'(k2a)

for n - 0,±I,±2,... +- .

After the value for the total SH-wave displacement, ut, at the
surface, S(r-a), is known, the scattered waves in the field, r > a, may be
derived from the second term of Equation (11-9) as

8G2 (r,r')
U(S) J ut(rI) dS; for r in V . (126)

Sar

The integration of Equation (126) can be carried out in the same manner as
before with the result

u(S) a
US A- f-2n BJ~eJlO')( 'I J'RJn'(k2a)e-JnO ')dot

o j= --•nfi-

x [Hn(rk2)eJnO + I Jm'(rk2)eJ*Pnml

or

u(s) jn I [A BnJn'(k2a)][Hn(rk2)eJni + I Jm(rk2)eJm*Pnm] . (127)
n=-o M=---•

In terms of the wave coefficients, bn, Equation (33) is expressed as

W CO
u(s) = (Jnbn)[Hn(rk2)ejni + I Jm(rk2)eJmPnm] (128)
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a. Steady-State and Transient Solutions for the SH-Wave
Particle Motion

Superposition of the incident and scattered SH-wave dis-
placements, u2 (i) and u2(s), given by Equations (113) and (128), respectively,
leads to the steady-state solution for the total SH-wave displacement for the
case where the line source and the detection point are both located in the
bedrock. That is,

F(w) rl) + JfjWz2(x+xs-2h) e(y-ys)dk
u2t(jj) {2itjHo(k 2r1  2f (XA- e

u4p 2c22  a2

+I (Jibn)[Hn(rk2)eJn$ + j Jw(rk 2 )eJi*Pnm] (129)

whe re:

ri (r 2 +rs 2 -
2 rrs cos (--1s)]I/2

r - [(x-H)
2 + (y-d)2]I/2

r. - [(xs-H)2 + (ys-d)21]/
2

= tanI (y-d)x-H'

(Ys-d__)
O s = tan - (1 _H

(xs-H)

l- (kl2-X2)1/2 and

" - (k 2 2-X2)1/2

To include attenuation and dispersion in Equation (129), the complex propaga-
tion constants for the surface layer and bedrock are

k= - + jal(w)
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and

k c2( W + Ja2(w)

in which the absorption coefficients and the phase velocities are

aj wJ- (1-e"W/W°)2 Qjcj

and

cj(W) cj[ 1 ___ o-1Qj

for j - 1,2.

To evaluate the integral Pnm in Equations (124) and (129), a numerical tech-
nique is developed in Appendix C. In addition, for the case of scattering from
deep cavities, an approximate solution of the integral Pnm using the saddle-
point method is derived in Appendix D.

The transient SH-wave displacement, ut(t), corresponding
to the steady-state solution given in Equation (35) may be represented as the
sum of the incident time-dependent displacement, u2 Ni)(t), and the scattered
displacement, u 2 (S)(t). That is,

u2 t(t) - u2 (i)(t) + 2(s)(t) (130)

The solution of the incident transient SH-wave displacement, u2 (i)(t), for a
line source located in the bedrock at (xs,ys) is derived in Appendix E. Thus,
for a transient SH-wave pulse acting along the z-axis parallel to the cylin-
drical cavity and consisting of a body force, f(t), the incident transient SH-
wave displacement is expressed as

A2(1)(t) f(t) * ý(i)(t)

2uP2C22 2 (131)

and its time derivative is

du 2()(t) d__ f(t) * T(1)(t)) (132)
dt dt (2nP2C22 (
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whe re.:

H(t-ts) + RI p)

T(i)(t) (t 2 t 2 )/ 2 + Im H(t-t+

IM (2 k H(t-tq (133)
S0 a2 dt p'p=(t)

The first term of the transfer function, T(i)(t), represents an incident SH
wave traveling directly from the source to detector with a time of arrival
given by

1
ts = [ (x-xs) 2 + (y-ys)2] 2 /c2 (134)

The last two terms of Equation (133) represent reflections in the bedrock and
trapped reflections within the surface layer. Both terms are characterized
by the reflection coefficient R(p) and the arrival times tq and tt+l (for
X - 0,1,2,... N). These arrival times are given by

(x+xs-2h) 2hM
c2 cos 9 2(a) + ci cos 61(l)

and

= (X+Xs-2h) 2h(1+1) (136)
C2 COS 8 2 (1+ 1 ) C2 COS1

where 1(, (+1), 82(), 02 (t+l) are the angles of the ray trajectories in
the surface layer and in the bedrock.

The scattered field displacement, u2(S)(t), can be
expressed in the form of a one-dimensional Fourier transform over frequency as

u 2 (s)(t) -2 Jfe-JwtF(w)T(s)(w)dwk - f(t) * i(S)(t) (137)
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where:

T(s)(w) - P 2c 2C22 n (Jntbn)[Hn(rk2)eJinf + I Jm(rk2)eJImIPnm] (138)

and

T(s)(t) f- T(s)(w)e-Jwltdw • (139)

The corresponding time derivative for the scattered field displacement,
u2(S)(t), is given by

dt d__ (f(t) * T s)(t)) (140)

b. Check of the Steady-State Solution

In order to check the general SH-wave displacement solu-
tion given by Equation (129), the half-space solution for scattering SH waves
from a cylindrical cavity may be derived directly from Equation (129) by let-
ting h + 0. In fact, in that case the function E2 (X)+ I and the second term
of the incident SH-wave displacement becomes:

1 Ja__]2(x+xs) JX'(Y-Ys)d

e(J ) i 2f !x e &f- njHo(k 2 r 2 ) (141a)
71 --c

where:

r2 = [(y-ys)
2 + (x+xs)21]/

2

In addition, the integral, Pnm, in the scattered SH-wave displacement term of
Equation (129) and in the linear system of equations given by Equation (124)
as h + 0 are reduced to the Hankel function. That is, for h + 0 and E(X) + 1,

Inm - f e 2 jk2H cos 0 + jO(n+m)d8 = Hn+m( 2 k2H) . (141b)

Using the addition theorem for the Hankel function,

Hn(Rk 2 )ejJn'y I Jm(rk2)Hn+m(2k2H)e±Jr#
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the function, Sn, in Equation (124) becomes

Sn = I e-J sJZ(rsk 2 )Hn+m(2k2H) = Hn(rsHk 2 )e-n~s (142)

where:

r.H - [r. 2 + 4H2 - 4 Hrs cos .] 1/2

rs = [(Ys-d) 2 + (xsH)2]1/2

OSH . sin-l(sin ýs rs and

Os = tan- H

In the same manner, the second term of Equation (129) is reduced to

Dn eJi*Jm(rk2)Hn+m(2k2H) = Hn(rHk 2 )einOH (143)
M=-Wm

where:

rH (r2 + 4H 2 -4rH cos 1/2

r = [(y-d) 2  + (x -H)2]1/2

= tan-I y-d ; and
x-H

OH - sin-l[L- sin

Thus, the final solution for scattering of cylindrical SH waves by a cylindri-
cal cavity in a half-space is

[J bm6 +J'(ka) F(H )_nbm6nm +n'(ka) Hn+m(2ki1)] = 4F(w) Hn(krsH nos + Hn(krs)e-jn$s]

+M- Hn'(ka) 4itpc 2Lnks)

for n - 0,±1,2,... _ (144)
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and

U(W) - F(w) [njHo(krl) + njHo(kr 2 )]4nP c2

+ I (njbm)[Hm(kr)eJmO + Hm(krH)eJiOH] • (145)

This result is consistent with that derived using the image theory developed
earlier for a cylindrical cavity in a homogeneous half-space.

C. The Steady-State Approximate Solution

For small air-filled cavities located at large distances

from the layer-bedrock interface, the steady-state Sit-wave solution given by
Equation (129) can be simplified. In fact, when the total SH-wave displace-
ment satisfies the stress-free boundary condition at the surface of the
cavity, the effect of the surface layer may be neglected for a detector at the
position r - a. In this case, the effect of the second term in the scattered
SH-wave displacement is much smaller than that of the first term. Thus, under
this condition the scattered SH-wave coefficients at the surface of the cavity
may be determined using the following expression

Fw) Jin' (k2a) ns+'

bn F() {Hfk" , [Hn(rsk2)e- + e-j'sJt(rsk 2 )Pn1]} . (146)

4n p2c22  Hn (k2a)=

To obtain the scattered SW-wave displacement at the detec-
tor location, the coefficients, bn, given by Equation (146) are substituted in
Equation (128) to obtain the steady-state scattered SH-wave displacement

u() ___c2F_) i__ Jn' (k2a) Jn-(ja

U(S) = ) F 2 [Hn(rsk2)e -Jns + Sn][Hn(rk2)ejnO + Dn] (147)
21 Hn'(k2a) rs2en

where:

Sn = - e-J1sJX(rsk2)Pzn

Dn = • e-JmOJm(rk2)Pnm
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r = [(x-H) 2 + (y-d) 2 11/2

rs [ (xs-H) 2 + (Ys-d)2]1/2

= tan-I(X) ; and

S = tan •

d. The High-Frequency Limit Approximation

To reduce the computations necessary to produce synthetic
seismograms and as a check on the theoretical analysis, a high-frequency limit
approximation for the scattered SH-wave particle displacement is derived.
This solution may be obtained by substituting the function Pnm given by Equa-
tion (D-17) into Equation (128) to yield

u(s) (Jnbn,) [Hn(rk 2 )eJnO - RoHn(k 2 ra)eJn~a

N 
J~+ a •Ro(Ro- -Ro)Hn[k 2 ra(1)]eJa (1 4 8 a)

where:

Ro = 2V - I

2V1/2

ra = [r 2 + 4(H-h) 2 - 4r(H-h) cos 1/2

S- tan-I y .d
x -h

I + htv/(H-h) 1/2
I + ht /v(H-h)

ýa =sin-I (L_ sin 0)
ra
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ra(l) - [r 2 + st 2  2str cos 1/2

and

Oa~) - in- (r si 0
ra

in which

al- 2(H - h + htv)

ý2 - ý1/12

and

v = kl/k2

The numerical solution of Equation (14 8a) for the scattered SH-wave particle
displacement is produced by the computer program scat_pulse in Appendix H.

The scattered-wave coefficients, bn, may be obtained from
Equation (146). Here, the source function, Sn, in the high-frequency limit
approximation is given by

- Roe -JIýs(O)Hn[k2rs(o)] + aj•o e -j nVs) Hn[k2rs(l)] (148b)
£t=1

where:

F'_ (Ro- -o)Ro

rs(O) - [rs 2 + 4(H-h) 2 - 4(H-h)rs cos ýs]1/2

r s (t) = [r. 2 + sj2 - 4(H-h)st cos 0s]

(s(O) = sin- rs in
rs(o)

-ýsCO = sin-l (rst) sin 0s)

r5L, , , ..5



In a similar manner, the high-frequency limit approximation for the incident
SR-wave displacement may be derived by substituting the function Pnm in Equa-
tion (VT-17) into Equation (115) to obtain

U2() - F(-) 2() {Ho(k 2 1r-rsi) + • e-Jm~sJm(k 2 rs)• 4nP 2C22m.

CO

x I ejný Jn(rk2){-RoHn+m[2k2(H-h)]
n=-

+ al(Ro-&-R o)RoHn+-(k2s )}1 (149)

or

u 2 (i) = F(2) (nj) Ho(kZr-rsl) - Ro e n(Jb-S)am(k~rs)Hn(k2rb)
4nP 2C22 M=t

+ a (Ro-l-Ro)Rol I en 0n(k2rs)Hn(k2rb)
.=n=-

Finally, Equation (150) is further reduced to yield the SH-wave particle
displacement

u2(i) . F() 22 ( j) Ho(k21r-rsi) - RoHo(k2rt)4np 2c22

N
+ al(RO-1-Ro)R!H (k2rt~l))~ (151)

where:

rb [, [r 2 + 4(H-h) 2 - 4r(H-h) cos 011/2
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r_4'b = i- r sin €)

rb(l) n [r 2 + s2- 2str cos f1/2

- r. sin 0)
rb (1)

rt = [rs 2 + rb 2 -
2 rsrb cos 4b-401]1/2

and

rt(%) U {rs 2 + [rb(-)] 2 + 2rsrb(Q) cos ['b(% )

The numerical solution of Equation (151) is produced by the computer program
incypulse in Appendix H. To simplify the calculations, the geometric rela-
tionships given in Equations (148) and (151) may be deduced directly from
Figure 11-9. In terms of the detector and its image coordinates, the dis-
tances and angles included in the SH-wave scattering equation are given by

r(O) ra [(y-d) 2 + (x+H-2h)2] 1 /2

(o) --_ a tan- 1( ydOa x+H-2hj

r(%) S ra(t) {(y-d) 2 + [x+H+2(1jv-l)h]2}I/ 2

and

-a( tan- x+H+2(lv-l)h)

For the incident SH-wave displacement, the new distances are

rs(O) rt = [(y-ys)2 + (x+xs-2h)2]I/
2

and

rs(t) _rt() - {(y-ys)2 + [x+xs+2(Cv1l)h]2)1/
2
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5. Integral Equation Solution for SH-Wave Scattering from a
Cylindrical Cavity in a Two-Layer Half-Space for the Detector
in the Surface Layer

After the value for the total SH-wave displacement, ut, at the
surface of the cavity (r - a) is known, the scattered wave in the field
0 4 x 4 h may be derived from the second term of Equation (B-9) for the sur-
face layer Green's functions, G1 , as

•Gj(r,r')
ul(s) J ut(r') dS; for r in V.

S

where ut(r') is given by Equation (120). The integration of Equation (152) is
carried out in the same manner as was done for the case of a detector in the
bedrock. That is,

2nW" "l(s) f T.Btel€ I. J-Jm'(ak2)e-Jt# dý'
o 0 =- =

x I eJn$ Jn(rk2)Qnm (153)

or

ul(S) - nJ BmJm'(ak2) • eJrJn(rk2)Qnm (154)

In terms of the wave coefficients, bm, Equation (154) is expressed as

ul(s) (Jnbm) • ejnOJn(rk2)Qnm, (155)

where Qnm is given by Equation (110).

a. Steady-State and Transient Solutions

Superposition of the incident and scattered SH-wave dis-
placements, ul(i) and ul(S), given by Equations (117) and (155), respectively,
leads to the steady-state solution for the total SH-wave particle displacement
for the line source in the bedrock and the detection point in the surface
layer as
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Ult() F() 2 JJm(rsk2)e-m s e6n, Jn(rk2)Qnmul(• =4np 2C22 m=_-= n=.w

+ [ (jnbm) • eJnoJn(rk2)Qnm . (156)

where:

r = [(x-H) 2 + (y-d)2]"/2

rs [(Xs-H)
2 + (ys-d)211/

2

= tan-I (y-d).
x-H

and

Os = tan-1 (xsH)•

(x5-H)

To include attenuation and dispersion in Equation (156), the complex propaga-
tion constants for the surface layer and bedrock are given by

kI l= - " + Jal(w)

and

k2 = -+ ja 2 ()
C 2(w)

in which the absorption coefficients and the phase velocities are

aj(w) - 1-e ( We"/W°0)2Qjcj

and

-1
cj(W) -cj[1 - 1log (!-

for j - 1,2
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For the use of scattering from deep cavities, an approximate solution of the
integral, Qnm, using the saddle-point method is derived in Appendix F.

The transient SH-wave displacement, ult(t), corresponding
to the steady-state solution given in Equation (156), may be represented as
the sum of the incident time-dependent displacement, ul(i)(t), and the scat-
tered displacement, ul(s)(t). That is,

ZIt(t) - ý1(t)(t) + ul(S)(t) •(157)

The solution of the incident transient SH-wave displacement, ul(i)(t), for the
line source in the bedrock at (xs,ys) and the detector in the surface layer is
derived in Appendix F. Thus, for a transient SH-wave pulse acting along the
z-axis parallel to the cylindrical cavity and consisting of a body force,
f(t), the incident transient SH-wave displacement is expressed as

ul~i) = f(t) * T(t)(t)(1)

2RP 2c 22

and its time derivative is

du1(i) 1 d
dt (t) - - 22 [f(t) * Tl(i)(t)] , (159)

whr re:

N
TIM - 2 1 I1 4 T(p)RI(p) d2k] H(t-tq)

T1-0 a2(P) dt pýpj(t)

in which pj(t) is a solution of the nonlinear equation given by

- p(y-ys) + (c22- p2) 1/2 (xs-h) + P- - P2)1 h(2U+1)

Each term of Equation (159) represents reflections within the surface layer.
These terms are characterized by the reflection coefficient R(p) and the
arrival times tj (for I = 0,1,2,... N). The equation to determine the arrival
times for the detector at the surface is

xs-h c + h(21+1) (160)

c2 cos 02U) +c cos 01 Mt)
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where the angles 01 and 02 are the angles of the ray trajectories in the sur-
face layer and in the semi-infinite half-space, respectively.

The scattered field displacement, '6l(S)(t), can be
expressed in the form of one-dimensional Fourier transform over frequency as

u 1(S)(t) L 2fI e-JWtF(u)T 1 (s)(w)dw W f(t) * T1 (s)(t) (161)

where:

41rpIc' n (jnbn) 7 ej'OJm(rk2)Qnm

and

SI
)T(s)(t) - -II• TI(s)(w)e-Jwtd •

The corresponding time derivative for the scattered field
displacement, ul(s)(t), is given by

dau(t) d

dt dt [f(t) * T1 (S)(t)] . (162)

b. The High-Frequency Limit Approximation

The high-frequency lihut approximation of the scattered
SH-wave displacement for a detector at the surface of the earth is obtained by
replacing the approximate solution of Qnm as given by Equation (F-15) into
Equation (155). The resulting particle displacement is

Ui(s) -2 bjtToRo (Jitbm) • eJroJn(rk2)Hn+m(k2rl) (163)

1-0m m,,-.C n,,-w

where:

rt "(2H-h) + (2.t+)hv

2
To &•2v + 1
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R0 •-1
Ro E 2V

[1 + (2t + 1)vh]1/ 2

b- (Z + l)h/v

2H - h

and

v kl/k 2

The solution given by Equation (163) can be further
reduced by introducing the identity

Hm(k 2 RI)eim• = eJnCJn(rk2)Hn+m(k2ry). (164)
n ==.z

Therefore, by substituting Equation (164) into Equation (163), the SH-wave
displacement becomes

ul(s) - 2 1 atToRo) I (jibm)Hm(k2F1)ej *'t (165)

J. =0 m=-W

where:

Fj M [r 2 + r12 - 2rrt cos fl 1/2

r - + (y-d)2I
1 / 2

4.1= sin- (-•- sin *)

ý2 - •ti/P2

and

v = kl/k2

The numerical solution of Equation (165) for the scattered SH-wave displace-

ment is calculated by the computer program scat_pulse2 in Appendix H. In a
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similar manner, the high-frequency limit solution for the incident SH-wave

displacement may be obtained by substituting the approximation of Onm into

Equation (117). That is,

ul (i) E .F(w) • 2b 1 ToRo X Jjm(rsk2)e-]~s

20

4Mp 2c22 1=0 m=-W

x • eJn$Jn(rk2)Hn+m(k2ri) . (166)

n

The substitution of the identity given by Equation (164) into Equation (166)

leads to a reduced form of the high-frequency limit solution for the direct

SH-wave displacement. That is,

u1 (i) F(w) N (167)! u1(i) •~~4nip2c22 t•,2JL°•H[k•( )17

where:

N = the number of reflections

FS() = [rs 2 + i2 - 2rsFj cos (41-s)] 1/2

rs - [(xs-H)2 + (Ys-d)2] 1/2 ;

2+2 1I/2
F = (r2 +r 2rrt cos 01 ;

and

(P J - sin-I (.E- sin 0)
rl

The numerical solution of Equation (167) for the direct SH-wave displacement

is calculated by the computer program incjpulse 2 in Appendix H.
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Finally, the high-frquency limit approximation of the
total SH-wave displacement as measured for a detector at the surface of the
earth is given by

t F(w) NIU

4 1p.2 1 2btTR

N Nj m
+ I 2b.ToRo (jnbm)Hm(k2F.)ejt , (168)

i001-0 M=-

where the scattered-wave coef'icients, bm, are obtained from Equation (146).
In this equation, the optical limit approximation of the function, Sn, is given
by Equation (148b).

In order to simplify calculations, more appropriate
expressions for the distance, ?, and ?s(1), and the angle, 4j, may be deduced
directly from Figure 11-10. These are

FO - {fy-d] 2 + [H-h(l-v)]2}1/
2 •

t - {[y-d] 2 + [H-h+vh(1+2.t)]21I/
2

+0 = tan- ! ( H -h7_ h'

= tan- -

+X = an-I H-h+vh(l+2•)]

FS(o) - ((y-ys) 2 + (xs-h+vh)2]I/2

and

Fs() t {[y-ys) 2 + (xs-h+vh(1+2t)I2} 1/2

6. Numerical Applications using the Transient Analytical Solutions

To demonstrate the applicability of the Cagniard-deHoop tech-
nique and as a check on the numerical evaluations, SH-wave pulses associated
with a line source in the bedrock are presented for the surface layer models
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FIGURE II-10. GEOMETRY OF THE ZERO ORDER TERM DISTANCE AND ANGLE FOR THE
SCATTERED AND INCIDENT SH-WAVE DISPLACEMENTS
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shown in Figure Il-ll. The source depth is 15 m, the horizontal source-
detector distance is 20 m, the surface-layer thickness is h = 10 m, and the
constitutive parameters in the sediment and the bedrock are cl = 500 m/sec,
Pl - 1.5 gr/cm3 , c2 = 2,500 m/sec, and P2 = 2.5 gr/cm3 . The SH-wave pulse
signal transmitted by the line-source is defined by

f(t) - Ote-t sin (2nfO) u(t),

where:

p= 1.8 fo

and

fo= 1,000 Hz.

Figure 11-12 shows SH-wave pulse responses computed for the
two-layer earth model illustrated in Figure ll-11(a). The detector is in the
bedrock close to the surface layer interface at a depth of 15 m. The total
seismic signal shown in Figure 11-12 was computed by the superposition of the
effects of the direct SH-wave pulse having an arrival time of ts = 8 msec and
three reflected SH-wave pulses having arrival times of to - 8.9 msec, tI = 48
msec, and t 2 - 88 msec, respectively.

Because of the small arrival time difference, At = 0.9 msec,
between the direct pulse and the first reflection, these two waveforms appear
in Figure 11-12 as a single pulse having an arrival time of 8 msec. As
expected, when the effective source-detector separation becomes larger, the
number of multiples in the surface layer will increase.

In order to investigate the individual reflected waveforms, the
total SH-wave pulse without the masking effect of the direct SH-wave pulse is
illustrated in Figure 11-13. Here, the first and second reflected pulses
exhibit the same polarity because of their similar geometrical ray path. In
fact, the first SH-wave pulse is reflected back to the detector at the boundary
between the surface layer and the lower half-space, while the second pulse is
reflected back to the detector at the air-earth interface. Alternatively, the
third SH-wave pulse is reflected once in the surface layer where it changes
polarity and then it follows a trajectory similar to that of the previous
pulses.

Figure 11-14 shows computed SH-wave pulses for a detector at
the surface as shown in Figure 11-11(b). In this case, the total field was
obtained by the superposition of pulses having arrival times of tI = 27 msec,
t2 - 67 msec, and t 3 - 108 msec, respectively. These, waveforms exhibit alter-
nating polarities. For example, the first pulse follows a positive trajectory,
the second pulse changes polarity by reflecting once at the bottom of the sur-
face layer, and the third pulse exhibits positive polarity by reflecting twice
the surface.
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FIGURE I-I11. TWO-LAYER EARTH MODEL AND LINE SOURCE IN THE BEDROCK

(a) Detector in the bedrock (b) Detector on the surface of the earth
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III. NUMERICAL EVALUATION OF MODELS

The progressive theoretical analyses presented in Section II address SH-
wave scattering from a cylindrical cavity in the simple case of plane waves in
an unbounded medium to the more representative cases of cylindrical and spheri-
cal SH-wave scattering in a half-space. The effects of dissipative absorption
in the two-layer medium were introduced to yield practical information on the
scattered seismic signal amplitudes required to be detected and the various
masking effects imposed by the low-quality weathered layer at the surface. The
special considerations for performing the numerical evaluations in each case
are discussed below.

A. Plane Wave Source in a Lossless Unbounded Medium

The numerical solution for plane wave scattering from a cylindrical
cavity in a lossless unbounded medium was developed using Equation (26) pre-
sented earlier. The plane wave case allows an arbitrary unit amplitude to be
assigned to the incident wave so that the scattered wave values can be scaled
as-fractions of the incident wave. By formulating the frequency dependent
terms in units of wavenumber multiplied by the cavity radius, the calculations
were generalized to any frequency range or cavity size by specifying the fre-
quency, the velocity, and the cavity radius in proper combinations. Programs
were written to calculate the energy-scattering cross-section and the SH-wave
displacement as functions of frequency, source and detector geometry, and
cavity target distance from the detector while holding other parameters such
as the SH-wave velocity and mass density of the medium constant.

I. Overview of the Plane Wave Analysis Computer Programs

Several computer programs were developed to provide plane wave
scattering results for horizontally polarized shear waves in several informa-
tive formats. First, the total energy-scattering cross-section of the cylin-
drical cavity target is computed as a function of frequency to illustrate the
effects on scattering efficiency as governed by the incident wavelength and the
cavity diameter. Next, the scattered SH-wave displacement amplitude at the
surface of the cavity is computed as a function of angle about the cavity axis
relative to the incident wave direction and for several frequencies to funda-
mentally characterize the angular scattering signature of such targets. This
same form of calculation is next carried out for several detector distances
away from the cavity axis to illustrate the geometrical spreading losses and
the far-field angular scattering signatures of the cavity target. Finally, the
plane-wave analysis program is adapted to simulate a plane-wave source and a
line of detectors positioned within the whole-space medium to represent a seis-
mic survey traverse. SH-wave displacement amplitudes as might be detected at
points along this survey line are calculated as functions of the cavity depth
below the traverse line and for several source signal frequencies. All of
these plane-wave computations are for steady-state source signals whose wave-
lengths are significantly larger than, about equal to, and significantly
smaller than the cylindrical cavity diameter.

In each program, the numerical calculations consist of summa-
tions of terms involving Bessel and Hankel functions representing the scattered
wave fields as functions of the geometrical and frequency parameters. These
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summations are performed over at least 15 iterations and up to a maximum of
50 iterations until the difference in computed values between two successive
iterations is less than 0.01 percent of the calculated value. In all of the
computer programs except that for the total energy scattering cross-section,
this summation is performed by the subroutine called planescatter. The com-
puter codes for the plane-wave analysis programs and subroutines are written
in FORTRAN 77 language and are presented in Appendix H, Section H.I.

a. Energy Scattering Cross-Section Calculation

The program called csect computes the total energy scat-
tering cross-section of a cylindrical cavity when illuminated broadside by a
plane SH-wave. This cross-section, discussed earlier in Section II.B.3, is
calculated for values of wavenumber times cavity radius (i.e., ka) ranging
from 0.05 to 2.0 in increments of 0.05.

b. SH-Wave Displacement Amplitude

Four programs are used to calculate the displacement
amplitudes of plane SH-waves scattered from a cylindrical cavity in a homo-
genous whole-space.

The first program, dispa, calculates the amplitude of the
total displacement field as a function of frequency at three different posi-
tions on the surface of the cavity. The frequency is contained in the factor,
ka, for values ranging from 0 to 2 in steps of 0.05 and from 2.1 to 10 in steps
of 0.1. The locations at the surface of the cavity at which the calculations
are evaluated are on radii at 45, 90, and 135 degrees relative to the incident
wave vector. The displacement amplitude is a complex quantity expressed in
terms of amplitude and phase, which is unwrapped.

The second program, dispb, calculates the total displace-
ment amplitude as a function of distance from the cavity, along three different
radial lines and at three different frequencies. The distance is expressed in
terms of the radial distance divided by the cavity radius (i.e., r/a) calcu-
lated from values of 1 to 10 in steps of 0.5. The angles of the radial lines
along which the displacements are calculated are 45, 90, and 135 degrees with
respect to the incident wave vector. The frequencies at which the results are
obtained are expressed in terms of the factor, ka, and are 0.5, 1, and 2. The
displacement amplitude is a complex quantity, but only the magnitude of this
quantity is used as output.

The third program, dispcd, calculates the amplitude of
the scattered SH-wave displacement field as functions of angle, detector dis-
tance from the cavity, and frequency. Depending upon whether a certain sec-
tion of code noted in the program listing is commented out or not, the program
will provide either the scattered amplitude only or the combined direct and
scattered amplitude. The scattered amplitude is calculated at angles from 0
to 180 degrees in steps of 1 degree. The frequencies are expressed in terms
of the factor, ka, for values of 0.5, 1, and 2. The radial distances from the
cavity axis, in units of r/a, are: 1, 2, 5, 10, 20, 50, and 100. The dis-
placement amplitude is a complex quantity, but only the magnitude of this
quantity is used as output.
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The fourth program, dispe, calculates the amplitude of

the displacement field at a number of detector locations on the x-axis for a
cavity located on the y-axis at several distances below the x-axis. The inci-
dent wave propagation vector may be directed at an angle with respect to the
y-axis (i.e., vertical), and may vary from 0 to 180 degrees. The frequencies
at which the displacement is calculated are expressed in terms of the factor,
ka, and are 0.5, 1, and 2. The distances of the tunnel origin from the x- and
y-axis origin are entered in terms of r/a and are 20, 40, 60, 80, and 100. The
positions on the x-axis at which the displacement are calculated range from -50
to +50 meters in steps of 0.5 meters. The angle between the incident propa-
gation vector and the y-axis may be either preset or calculated, according to
which segments of the program code are commented out or not. If the preset
version is chosen, then either backscatter or through transmission results may
be produced. If the calculated version is chosen, the propagation vector is
specified to lie on a line with a y-axis intercept of the cavity position and
an x-axis intercept of -54 meters. This orientation of the incident wave rela-
tive to the cavity and the x-axis is similar to actual practice in seismic
exploration where the location of the source point is at the end of the detec-
tor line. The displacement amplitude is a complex quantity, but only the mag-
nitude of this quantity is used as output.

B. Line Source in a Half-Space

The numerical evaluation of the case of a line source in a half-

space was incrementally developed beginning with the lossless unbounded medium
case, followed by the addition of a half-space boundary, a surface layer,
lossy media factors, and finally in a form capable of providing calculated
results for any combination of these conditions. For example, by properly
selecting the input parameters, the program can be made to provide results
for, say, an unbounded lossy medium or a two-layered lossy medium, to cite two
cases. The cases of a lossless and a lossy simple half-space and the case of
a two-layered lossy half-space where the source is located in the lower layer
and the detector is located either in the lower layer or at the upper boundary
of the surface layer are considered in detail.

1. Overview of the Program

The program, synseis, presented in Appendix H, Section H.2.1,
is the realization of the numerical solution of the equations for scattering
of a cylindrical SH seismic wave from a cylindrical cavity derived in Section
II. Since the direct and scattered signals received at the detector are
decoupled in the approximate solution developed for deep cavities, the program
solves for each signal component separately.

The basic solution method used for each signal component is the

same. The time independent complex amplitude of the wave is found as a func-
tion of frequency and then inverse Fourier transformed into the time domain,
where it represents the response generated by a delta function pulse emanating

from the line source. This response contains time delay information related to
the propagation of the wave from the source along the various propagation paths
to the detector. This delta function response is then convolved with the
source pulse waveform to obtain the composite signal at a given detector posi-
tion. The same general method is applied for both the direct wave and the
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scattered wave at each detector position, and the results are written out to a
file.

Sample input and output files for program, synseis, are pre-
sented in Appendix H, Section H.2.1.

a. Direct Wave Calculation

The direct wave signal is calculated by the subroutines
called inc_pulse and inc_pulse2. These two subroutines are essentially iden-
tical. The incypulse subroutine is written to provide a solution for the case
for the source and detector located in the lower layer, and the incjpulse2
subroutine is written to solve the case for the source in the lower layer and
the detector at the top of the surface layer. As a result, the description
that follows is applicable to both subroutines.

The subroutine is given the source and detector posi-
tions as well as the values of the other parameters to be used in the calcu-
lation. For zero to n reflections from any layer interfaces that might be
present, the time-independent direct wave amplitude along a given propagation
path is calculated at 128 wavenumber values from 0 to 12.7 m-l in steps of 0.1
m-I. The time delay for the arrival of the wave is calculated from the geome-
try and the velocity in the medium and subtracted from the frequency domain
signal by constant phase subtraction to prevent aliasing of the phase. A
cosine window function is then applied to the frequency domain signal for a
wavenumber range of 7.8 to 12.8 m-I to prevent spurious ringing in the time
domain signal. The frequency domain signal is then inverse Fourier transformed
to obtain a 256-point time domain waveform. This waveform is then convolved in
the time domain with the 25 6 -point source pulse waveform to produce the signal
present at the detection point. This signal is then added, often being offset
by the initial time delay with respect to the total waveform, and the process
is repeated for all reflections that are to be included in the calculation.

b. Scattered Wave Calculation

The scattered wave signal is calculated in the sub-
routines called scatpulse and scatpulse2. These two subroutines are essen-
tially identical. The scat_pulse subroutine is written to provide a solution
for the case for the source and detector located in the lower layer, and the
scatpulse2 subroutine is written to solve the case for the source in the
lower layer and the detector located at the top of the surface layer. As a
result, the description that follows is applicable to both subroutines.

The subroutine is provided with the source, detector, and
cavity locations as well as other relevant parameters. The algorithm makes
repeated use of a number of Hankel function values, so these are precomputed.
The routine then begins an iteration over the number of direct and reflected
terms that are selected for the calculation. For a given propagation path,
the time-independent scattered wave signal as a function of frequency is cal-
culated at 128 points at wavenumber values from 0 to 12.7 m-1 . At each of
these frequencies, a summation is performed to obtain the complex amplitude.
A minimum of ten terms of summation are calculated, with up to fifty terms
possible, until the accuracy of the sum in two consecutive terms is better
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than the accuracy limit specified in the program, which is I x 10-4. After
the signal at all 128 frequencies have been calculated, the time delay is sub-
tracted and the cosine window is applied as in the direct wave case. The
frequency domain signal is then inverse Fourier transformed and convolved with
the source pulse waveform. This result is then added, with its adjusted time
offset, to the total waveform, and the process is repeated for all selected
propagation paths.

2. Line Source in a Homogeneous Half-Space

For the case of a homogeneous half-space, the program is given
an input file in which the density of layer 1 (the surface layer) is 0 and the
number of reflections allowed is 1. The depths of the line source, the cylin-
drical cavity, and the detectors specified in the input file are referenced to
the depth of the second layer. If desired, the depth of the first layer may
be set to zero to simplify the task of depth calculation. If the surface
layer depth is set to zero, care must be taken not to set the detector depth
to exact zero as well, since this may cause the program to produce erroneous
results.

a. Lossless Medium

To generate a solution for a lossless half-space medium,
the attenuation cutoff frequency for the second layer should be set to a very
large value, say 1.0 x l033. This will prevent onset of attenuation and dis-
persive effects in the practical range of seismic range frequency. The quality
factor for the second layer may also be set to a high value, if desired, to
suppress any dispersive effects in case the cutoff frequency was not set high
enough.

b. Lossy Medium

To obtain a solution for a lossy homogeneous half-space,
the cutoff frequency and quality factor should be set so as to simulate the
ground conditions desired. It should be kept in mind that the cutoff frequency
is given in terms of angular frequency, w. To simulate a lossy medium over all
frequencies of interest, set the cutoff frequency to a value less than the low-
est frequency of interest. When the cutoff frequency is set to be smaller than
the value of the frequency step, the attenuation condition defined by the Q
factor applies to all frequencies. The quality factor should be set to larger
values for less lossy media and to smaller values for more lossy media.

3. Line Source in a Two-Layer Lossy Half-Space

To simulate a line source in a two-layer lossy half-space,
non-trivial values should be given to all parameters in the input file. If
only one layer is to be lossy, the other layer may be given a large cutoff
frequency or quality factor, as discussed earlier. The layer depth parameter
should be non-zero in any case.

a. Source and Detector in Lower Layer

For the case in which the source and detectors are both
located in the lower layer, it is only necessary to set the detector array
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y-origin to a negative value greater than the layer depth. If the y-origin

is less than the layer depth, unpredictable results will occur.

b. Source in Lower Layer and Detector in Surface Layer

For the case in which the detectors are located at the
top of the surface layer, the y-origin should be set to zero. The present
version of the program will not properly treat cases in which the detectors
are located at other depths in the surface layer.

C. Graphing Programs

The graphics programs to produce output plots of the results from
the above programs are presented in Appendix H, Sections H.3.1 and H.3.2.
These programs are written in C language for ease of interfacing with the
graphics package, Starbase, on the Hewlett-Packard 9000 model 520 computer
equipped with the HP-UX operating system.

The graphics program for the display of synthetic seismograms,
called vuseis, utilizes an input file to specify the presentation of the data.
A sample input file is included in Appendix H, Section H.3.3, with a short
explanation of the options available.
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IV. MODEL CALCULATIONS AND RESULTS

A. Plane SH Waves Scattered from a Cylindrical Cavity in a Lossless
Unbounded Medium

The theoretical analysis of plane SH-wave scattering from a cylin-

drical cavity representative of a horizontally oriented tunnel developed in
Section II.B is used to provide preliminary insights into the problem of
reflection seismic detection of such tunnel targets at depths of about 100

meters or more. In the results to follow, simple but useful and informative
measures of the SH-wave scattering target strength and directional scattering
signature of cylindrical cavities are presented for the conditions of geologi-
cal host medium and tunnel size of primary interest. The numerical model is
then used to simulate the steady-state detection responses that would be

observed along a surface seismic reflection traverse and in a hole-to-hole
seismic scan.

1. Energy Scattering Cross-Seccion

Figure IV-i shows the geometry used to analyze the scattering

of a plane SH wave incident on a cylindrical cavity in an unbounded medium.
The total SH-wave displacement at measurement point, (x, y), consists of the
sum of the incident wave and the wave scattered from the cylindrical target.
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SH WAVE
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r= (x2 + y 2012

FIGURE IV-I. GEOMETRY OF PLANE SH-WAVE INCIDENT ON A

CYLINDRICAL CAVITY IN AN UNBOUNDED MEDIUM

This total displacement is expressed by

ut"eJkx +n0"[nnHJn'(ka)'a

u'e + [Cjn , )](k)Hn(kr)cos (n$) (IV-l)

n-0 na
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The total elastic wave energy scattered by the cylindrical cavity can be com-
puted from the second term of Equation (IV-1) by summing the products of each
complex displacement term times its complex conjugate. This scattered SH-wave
energy computed for r-a may be divided by the physical (broadside) cross-
sectional area of one unit length of the cavity to yield the normalized SH-wave
energy scattering cross section for an incident plane SH wave. Thus, the SH-
wave scattering efficiency may be expressed by the apparent energy scattering
cross section of the cylinder target as

qs 2 A- A +.1 A An+ (IV-2)

n=1

where:

1; for n I 1
En - {

2; for n > 1

k .- ; and
vs

ka - 2 - ; D - cavity diameter.
X %

Figure IV-2 shows the normalized SH wave energy scattering
cross section for a 2-meter diameter cylindrical cavity in a medium having a
shear-wave velocity of v. 2,500 m/s.

SH-IfIVE SCRTTERING CROSS-SECTION
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FIGURE IV-2. NORMALIZED ENERGY SCATTERING CROSS-SECTION OF A
CYLINDRICAL CAVITY FOR AN INCIDENT PLANE SH WAVE
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In Fi": L :V-:, the parameter ka is proportional to frequency and, for the value
ofk• =i, tt.e frequency is 1,250 Hz and the shear wavelength is equal to the
diame:er of :"e cylindrical cavity. The normalized cross section iti this case
is a.=:r.ima:Cs 1.55, a value which is about 55 percent larger than the area,
D, cor:esponri;g-. to the per unit length cross-sectional area of the tunnel.

2. ?olar Amplitude Scattering Patterns

Figure IV-3 shows the SH-wave amplitude scattered from a 2-meter
diameter cyliridrical cavity when the detector point, (x, y) is at a radius of
100 meters away from the cavity axis.

r/a= 100. ka = .5-
a - I METER ka = 1.0
V = 2,500 m/s ka = 2.0-

12 s

ISO g88

2.8 1.5 1.8 6.5 68 .5 I 1.5 2.8

INCI13T AMPLITUDE (REL.)
9- 4WE

(a) Total SH-Wave Polar Amplitude

leee

8.1 9. .05 9. 10

DCIDT AMPLITUDE (REL.)

(b) SH-Wave Reflected Polar Amplitude Component

FIGURE 17-3. PLANE SH-WAVE POLAR AMPLITUDE SCATTERING FROM A CYLINDRICAL CAVITY

83



Figure IV-3(a) shows the total detected amplitude consisting
of the combined incident and scattered waves as observed at a distance of
100 meters away from the tunnel. Figure IV-3(b) shows the scattered component
only, illustrating the directional SH-wave scattering pattern of the cylindri-
cal cavity and the fact that the scattered amplitude is in the range of 5-7.5
percent of the incident plane wave amplitude at point (x, y) for angular
directions of * - 180 ±30 degrees. The values of ka illustrated in these fig-
ures correspond to frequencies of approximately 200 Hz, 400 Hz, and 800 Hz for
the condition where vs - 2,500 m/sec. Frequencies above 800 Hz will exhbiit
backscatter amplitudes up to about 10 percent of the incident wave amplitude.

3. Seismic Survey Traverse Simulations

Figure IV-4 illustrates the amplitude profile of the total
plane wave scattered signal projected onto a representative seismic detector
line traverse for several cavity depths. For the three SH-wave frequencies
used in the analysis, the interference between the source wave and scattered
wave component is apparent, with more spatial fluctuations in the near-source
half of the detector spread. The directional scattering aspects of the cylin-
drical target are only slightly noticeable in the shallowest target depth case
but can be anticipated to be more prevalent at higher frequencies.

These preliminary theoretical results show that the scattered
amplitude of SH waves at distances up to 100 meters away from the cylindrical
cavity have practical detection amplitudes. The magnitude of the scattered
waves diminish as the inverse square root of the distance. For the typical
shear wave velocity of vs - 2,500 m/s, spectral components above about 400 Hz
are strongly reflected. The polar amplitude scattering patterns indicate that
the cylindrical cavity has a directivity which may serve as a usefui means for
identifying such scattering targets.

4. Hole-to-Hole SH-Wave Scattering Simulations

By using a different choice of the detector locations used in
the seismic traverse simulations, the plane-wave analysis program may be used
to simulate the steady-state response that would be observed in seismic scan-
ning with the tunnel cavity otlented transversely between the boreholes.
Figure IV-5 shows model calculations for horizontal ray path hole-to-hole SH-
wave scattering from a 2-meter diameter tunnel as observed when the cavity is
located 5, 10, 15, and 25 meters away (toward the source) from the borehole
containing the detector.

The scattered SH-wave displacement amplitude is symmetrical
about the horizontal ray which passes through the center of the cylindrical
cavity, and the scattered signal profile has the characteristic "W" shape
which corresponds to the diffraction interference of waves scattered by a
symmetrical obstacle. The frequency dependence of the forward-scattered SH
waves for values of ka of 0.5, 1.0, and 2.0 are only very slightly stronger
IV-4 for the reflection simulation case.

B. Synthetic Seismograms of SH Waves Scattered from a Cylindrical
Tunnel in a Lossy Unbounded Medium

The numerical method developed in Section II.D has been implemented
to compute synthetic seismograms of SH-wave scattering from a cylindrical
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cavity in a lossless medium and in a lossy medium for incident cylindrical
SH-waves. The model geometry and the parameters of the medium are given in
Figure IV-6. The characteristics of the SH-wave pulse signal transmitted by
the line source are presented in Sections II.D.6 and II.F.6.

iP

.ILI p SH LINE SOURCE V (x,y)

Tbs r 4= tan-l Y

YS rs o bs=tan-1 Y._S
_xs

S- S x

S= 1000 Hz
cs = 2500 m/sec
a = 100

FIGURE IV-6. GE01ETRY OF CYLINDRICAL WAVE LINE SOURCE AND
CYLINDRICAL CAVITY IN AN UNBOUNDED MEDIUM

Figures IV-7 through IV-13 illustrate synthetic seismograms
calculated for the SH-wave source and a 2 -meter diameter cylindrical cavity in
a medium having a shear-wave velocity of cs = 2500 m/s. The SH-line source is
specified to produce a pulse having a peak frequency fo = 1000 Hz and is
located at the source position (-52m,O). The applied SH-wave pulse signal
given by Equation (63) and its frequency spectrum given by Equation (64) are
illustrated in Figure IV-14 (a) and (b), respectively. The seismic detector
line, having detector spacings of 2 m, is transverse to the axis of the cylin-
drical cavity. The synthetic seismograms were calculated for both a perfectly
elastic medium and a lossy medium. The seismograms associated with the lossy
medium were computed for a shear-wave quality factor of Q = 100, which cor-
responds to a spatial attenuation rate of 0.25 dB/wavelength.

f Figure IV-7 shows a synthetic seismogram containing the direct
SH wave and the scattered SH wave from a tunnel target located at a depth of
50 m in a lossless medium. As expected, the time of arrivals and waveforms
associated with the direct-traveling SH wave are detected first, and the scat-
tered SH waves are detected later in the time section. The tunnel target
reflections form a pattern having a hyperbolic shape which is characteristic
of reflections from the localized air-filled tunnel target.

Figures IV-8 and IV-9 show only the direct-traveling SH-wave
seismic pulses radiated by the SH-line source in a lossless and in a lossy
medium, respectively. These results indicate the degree to which the ampli-
tudes of the SH-wave pulses are reduced by a medium having an attenuation rate
of 0.25 dB per wavelength.
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Figures IV-10, IV-1l(a), and IV-11(b) show only the SH waves
scattered from the cylindrical cavity located at a depth of 50 m in a lossless
medium and in a lossy medium. These results show that the tunnel reflection
signature in the lossy medium is significantly reduced with respect to that
from a tunnel target in an ideal elastic medium. Figure IV-11(b) shows the
hyperbolic reflected SH-wave pattern plotted with an increased scale factor of
800, which is about four times greater than the scale factor used to display
the attenuated synthetic seismogram illustrated in Figure IV-11(a) (i.e., the
effective increase in display sensitivity is a factor of 200).

Figures IV-12, IV-13(a), and IV-13(b) illustrate the synthetic
seismograms of scattered SH-waves from a 2 -m diameter cylindrical cavity
located at a depth of 100 •-. As expected, when the depth of the cavity is
increased, the amplitude of scattered SH-wave reflections decrease because of
the geometric spreading loss as well as because of the excess absorptive
attenuation as shown in Figure IV-13(a). To adequately display the tunnel
reflection signatures for these conditions, an effective scale factor of 200
relative to that in Figure IV-13(a) is used to show the synthetic seismogram
for the lO0-m deep tunnel in Figure IV-13(b).

C. Synthetic Seimograms of SH Waves Scattered from a Cylindrical Cavity
in a Two-Layered Lossy Half-Space

The numerical method developed in Section II.D is used to compute
synthetic seismograms of SH waves scattered from a cylindrical tunnel in a two-
layered lossy half-space. These seismograms have been computed for the cases
of a line of detectors in the bedrock and a line of detectors at the top of the
surface layer. This model represents a systematic display of synthetic seismo-
grams for several cases in which the surface-layer thickness, quality factor,
and shear-wave velocity together with tunnel target depth and the detector
location (either buried or surface) are independent parameters.

The model geometry is shown in Figure IV-15, and the various parame-
ters of the calculated cases are listed in Table IV-l. All of the synthetic
seismograms are computed for the SH-line source located at the position [- 5 2 m,
-(h+l)] and for a 2-m diameter cylindrical tunnel in a medium having a shear-
wave velocity of c2 - 2500 m/s. The seismic detector line having detector
spacings of 2 m is transverse to the axis of the cylindrical cavity. The char-
acteristics of the SH-line pulse signal transmitted by the line source and the
number of detectors, nd, are the same as those used earlier in the unbounded
medium case. Appendix G presents the practical case in which the ground over-
lying the tunnel target consists of a weathered surface which is typically more
lossy than the deeper and more competent medium containing the tunnel cavity.
The model calculations for this case are aimed at illustrating and comparing
the tunnel detection results obtained when the detectors are buried (coupled in
boreholes) at the depth of the competent (lower loss) ground with those obtained
when the detectors are coupled to the top of the less competent ground surface.

Tables IV-2, -3, and -4 summarize parameters used in the two-layer
model calculations and identify the corresponding figure numbers of the respec-
tive synthetic seismograms illustrated in Appendix G. In the ilustrations of
Appendix G, the figures are subdivided in three parts identified as (a), (b),
and (c). The illustrations identified by (a) show the total SH-wave particle
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FIGURE IV-15. GEOMETRY AND MODEL PARAMETERS FOR AN SH-LINE SOURCE
AND A CYLINDRICAL CAVITY IN A TWO-LAYER RALF-SPACE

(a) Detectors in the bedrock
(b) Detectors at the surface
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TABLE IV-I

LIST OF PARAMETERS FOR THE TWO-LAYER LOSS HALF-SPACE
(Ref. Figure IV-14)

(xs,ys) - SH-line source coordinates

(x,y) - Detector coordinates

Ax - Detector spacing

nd - Number of detectors

2a - Cavity diameter

H - Cavity depth

h = Layer thickness

N - Number of reflections

cI - Surface layer SH-wave velocity

c2 -i Bedrock SH-wave velocity

P1 - Surface layer density

P2 - Bedrock density

Q1 - Surface layer quality factor

Q2 - Bedrock quality factor
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TABLE IV-2

TWO-LAYER MODEL WITH DETECTORS IN THE BEDROCK

Ys= y = -(h+l) m

Tunnel Depth (H) = 50 m

h Cl c2 P1 P2
Figure Numbers (m_) Qj Q2 (m/sec) (m/sec) (kg/mi) (kg/r 3 )

(G-la, G-lb, G-ic) 5 50 100 200 2500 1500 2700
(G-2a, G-2b, G-2c) 10 50 100 200 2500 1500 2700
(G-3a, G-3b, G-3c) 5 10 100 200 2500 1500 2700
(G-4a, G-4b, G-4c) 10 10 100 200 2500 1500 2700

Tunnel Depth (H) = 100 m

(G-Sa, G-5b, G-Sc) 5 50 100 200 2500 1500 2700
(G-6a, G-6b, G-6c) 10 50 100 200 2500 1500 2700
(G-7a, G-7b, G-7c) 5 10 100 200 2500 1500 2700
(G-Ba, G-8b, G-8c) 10 10 100 200 2500 1500 2700

xs= -52 m, Ax = 2 m, nd = 51, 2 a = 2 m, and N = 3.
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TABLE IV-3

TWO-LAYER MODEL WITH DETECTORS AT SURFACE

Ys -(h+l) m

y -0

Tunnel Depth (H) - 50 m

h Cl C2 Pi P2

Figure Numbers (m) Qj 2Z (m/sec) (m/sec) (kg/m 3 ) (kg/m 3 )

(G-9a, G-9b, G-9c) 5 50 100 200 2500 1500 2700
(G-lOa, G-lOb, G-10c) 10 50 100 200 2500 1500 2700
(G-lla, G-lib, G-llc) 5 10 100 200 2500 1500 2700
(G-12a, G-12b, G-12c) 10 10 100 200 2500 1500 2700

Tunnel Depth (H) =1 00 m

(G-13a, G-13b, G-13c) 5 50 100 200 2500 1500 2700
(G-14a, G-14b, G-14c) 10 50 100 200 2500 1500 2700
(G-15a, G-15b, G-15c) 5 10 100 200 2500 1500 2700
(G-16a, G-16b, G-16c) 10 10 100 200 2500 1500 2700

xs= -52 m, Ax = 2 m, nd 51, 2a 2 m, and N 3.
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TABLE IV-4

TWO-LAYER MODEL SHOWING HIGHER ORDER REFLECTIONS IN THE SURFACE LAYER

Ys -(h+l) m
y =0
H 5 0 m

Detectors in the Bedrock

h cl C2 P1 P2

Figure Numbers N (mi) Qj Q2 (m/sec) (m/sec) ig2) (kg/m 3 )

(G-17a, G-17b, G-17c) 0 5 50 100 500 2500 1500 2700
(G-18a, G-18b, G-18c) 1 5 50 100 500 2500 1500 2700

(G-19a, G-19b, G-19c) 2 5 50 100 500 2500 1500 2700

(G-20a, G-20b, G-20c) 3 5 50 100 500 2500 1500 2700

Detectors at Surface

(G-21a, G-21b, G-21c) 0 5 50 100 500 2500 1500 2700
(G-22a, G-22b, G-22c) 1 5 50 100 500 2500 1500 2700
(G-23a, G-23b, G-23c) 2 5 50 100 500 2500 1500 2700
(G-24a, G-24b, G-24c) 3 5 50 100 500 2500 1500 2700

xs -52 m, Ax - 2 m, nd = 51, and 2a = 2 m.
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motion seismograms plotted to the largest practical amplitude (effective scale
factor of 200) in an effort to display the combined direct and scattered compo-
nents of the detected signals. The illustrations identified by (b) show only
the direct arrival SH-wave particle motion seismograms plotted to a scale which
is one-half that of the ilustrations identified by (a). The illustrations
identified by (c) show only the scattered SH-wave particle motion seismograms
plotted to a scale which is ten times that of the illustrations identified by
(a).

Discussions are presented below based upon selected examples of the
calculated model cases presented in Appendix G to evaluate the effects of
attenuation, thickness, and SH-wave velocity in the surface layer and the
location of the detectors on the tunnel detection reponse.

1. Effect of Surface Layer Attenuation

Examples of synthetic seismograms from Appendix 0 are discussed
below to demonstrate the effects of surface layer attenuation on the detection
of the tunnel cavity. For this purpose, the SH-wave line source is in the bed-
rock layer and the tunnel cavity depth is selected to be H = 50 m and the sur-
face layer thickness is selected to be 5 m. The layer attenuation parameters
to be compared correspond to quality factors of Ql = 50 (0.5 dB/wavelength) and
Qi = 10 (2.5 dB/wavelength), and the detectors are located in the top of the
bedrock layer (Figures G-1 and G-3 in Appendix G) and at the top of the surface
layer (Figures G-9 and G-11 in Appendix G).

Figures IV-16 and IV-17 show the comparative effects of surface
layer attenuation on the tunnel-scattered SH waves. In Figure IV-16, where the
SH-wave source and detectors are in the competent bedrock layer, the tunnel
detection responses are not significantly affected by the attenuation quality
of the surface layer. In comparison, the responses in Figure IV-17, where the
source is in the bedrock layer but the detectors are at the top of the surface
layer, show a very substantial attenuation of the scattered SH-waves from the
tunnel when the quality factor of the surface layer is changed from 50 to 10.
The detected waveforms observed at the top of the surface layer also lack the
finer details contained in the waveforms detected below the surface layer,
especially in the more realistic Ql = 10 case. Figures G-5 and G-7, G-13 and
G-15 in Appendix G may be used to compare corresponding surface layer attenu-
ation effects on SH waves scattered from a tunnel target at 100 m below
surface.

2. Effect of Surface Layer Thickness

Examples of synthetic seismograms from Appendix G are discussed
below to demonstrate the effects of surface layer thickness on the detection
of the tunnel cavity. For this purpose, the SH-wave line source is in the
bedrock layer and the tunnel cavity depth is selected to be H = 50 m and the
surface layer quality factor is selected to be Q1 = 50. The surface layer
thicknesses to be compared are h - 5 m and h = 10 m, and the detectors are
located in the top of the bedrock layer (Figures G-1 and G-2 in Appendix G)
and at the top of the surface layer (Figures G-9 and G-10 in Appendix G).
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Figures IV-18 and IV-19 show the comparative effects of surface
layer thickness on the tunnel-scattered SH waves. In Figure IV-18, where the
SH-wave source and detectors are in the competent bedrock layer, the tunnel
detector responses are not significantly affected by the surface layer thick-
ness. In comparison, the responses in Figure IV-19, where the source is in
the bedrock but the detectors are at the top of the surface layer, show a sig-
nificant (53 percent) increase in propagation time of the scattered waves as
well as a noticeable loss of the finer details of the detected waveform, all
of which is attributable to the added surface layer thickness. The more real-
istic case where the quality factor of the surface layer is Q1 = 10 instead
of Qi = 50 may be examined by comparing Figures G-3 and G-4, G-1l and G-12
in Appendix G to show even greater effects of layer thickness on the tunnel
detection response.

3. Effect of Surface Layer SH-Wave Velocity

Examples of synthetic seismograms from Appendix G are discussed

below to demonstrate the effects of different SH-wave velocity conditions in
the surface layer on the detection of- the tunnel cavity. For this purpose,
the SH-wave line source is in the bedrock layer and the tunnel cavity depth
is selected to be H = 50 m and the surface layer quality factor is selected
to be Q1 - 50. The thickness of the surface layer is h = 5 m, and the SH-wave
velocities to be compared are ci = 200 m/s and cl = 500 m/s, respectively, for
the SH-wave detectors located in the top of the bedrock layer (Figures G-I and
G-20 of Appendix G) and at the top of the surface layer (Figures G-9 and G-24
of Appendix G).

Figures IV-20 and IV-21 show the comparative effects of SH-wave
velocity in the surface layer on the tunnel-scattered SH waves. In Figure IV-
20, where source and detectors are in the competent bedrock layer, the tunnel

detector responses are not significantly affected by differences in the surface
layer velocity. [The multiple reflections within the surface layer have been
numerically suppressed in Figure IV-20(a) but not in Figure IV-20(b)]. In com-

parison, the responses in Figure IV-21, where the source is in the bedrock
layer but the detectors are at the top of the surface layer, show a significant
(21 percent) decrease in propagation time of the scattered waves and a slight

but noticeable increase in the curvature of the hyperbolic pattern characteris-
tic of the tunnel target as a localized reflector. In this case, since only
the SH-wave velocity of the surface layer was changed without a change in the
quality factor, the details in the detected waveforms shown in Figures IV-20
and IV-21 are essentially unaffected.

4. Direct-Wave Interference

The direct wave transmitted from the SH-wave source into the

surface layer will cause SH waves to be trapped in the low-velocity layer,
giving rise to SH-wave groundroll interference. The trapped SH waves, known
as Love waves, propagate as normal modes which are dependent upon the layer
thickness and may be excited when the source is located either in the layer or
in the bedrock. However, because of the elastic parameter contrasts at the
layer interface, the magnitude of Love waves excited by a source below the

low-v-locity surface layer is significantly less than that produced by a source
located in the layer. Examples of Love-wave groundroll interference are illus-

trated in Figures G-18 through G-20 and Figures G-22 through G-24 of Appendix G.
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V. SPECIALIZED TECHNIQUES FOR SH-WAVE TUNNEL DETECTION

A. Coherent Interference Reduction

A striking result, although not unexpected, in the various SH-wave
synthetic seismograms presented in this study, including those computed for
the lossy two-layer model, is the relatively weak amplitude of the seismic
pulse signal reflected from a deep tunnel target in comparison with the direct
arrival signals that travel near the surface betwe n the source and detectors.
These large non-target-related signals are coherent with the source pulse and
the desired tunnel reflections since they emanate from or are excited by the
same source that produces the tunnel reflection signals. Furthermore, if
there are other reflecting anomalies in the tunnel host medium, these reflec-
tions will also be coherent with the desired tunnel reflection signals. Such
coherent interference signals are undesirable for two reasons: (1) the strong
direct arrival signals require that the field data recording system have a
very wide dynamic range in order to accurately respond to and simultaneously
record the very strong direct arrivals and the very weak tunnel reflections
without overload distortion or loss of the desirable weak signal content; (2)
any strong interference signals that arrive at the detectors simultaneously
with the tunnel reflections will mask the desired signals, thereby reducing
the tunnel response signal-to-noise ratio.

Most seismic digital data recording systems have a dynamic range
of 15 digital bits (90 dB, or 1 part in 31,600) which, if carefully managed
through specialized system design and field data acquisition techniques, is
sufficient to allow the weak tutinel reflection signals to be accurately
recorded. To -- complish this goal, the tunnel reflection signal-to-noise
ratio must be maximized using every practical approach and resource available
since strong local signals at the detectors and anomalous reflections that
can mask the tunnel reflections will generally always be present. The tunnel
target response signal-to-noise ratio can be maximized in two ways; namely,
by reducing the interfering and/or dynamic range limiting no'se and by enhanc-
ing the tunnel reflection signal by discriminating against the masking noise.
Techniques for applying each of these methods are discussed below.

1. Reduction of Direct Arrival Signals

Direct arrival seismic signals, broadly referred to as ground
roll, travel at or near the surface either as surface waves, near-surface body
waves, or subsurface interface waves. The direct propagating path of the
strongest of these signals may be considered to be essentially horizontal
(parallel to the ground surface) where as the reflection signals from deeper
anomalies occur along essentially vertically oriented paths.

The strongest ground roll interference is in the form of sur-
face (Rayleigh) waves which are two-dimensional waves locked to the surface
interface and, in a practical sense, extend only a few wavelengths below the
surface. They exist and propagate at approximately the same speed as shear
waves by interchanging wave motions and energy between compressional and ver-
tically polarized shear displacement motions whenever either of these wave
types are initiated by the source or produced by wave-type conversion of
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body-wave source signals reflected at the surface. Thus, the SH-wave tech-
nique evaluated in this study has the inherent advantage of not directly pro-
ducing surface waves, provided that its source transducer does not generate
either compressional waves or vertically polarized shear waves. Two other
advantages of the SH-wave technique which discriminate against surface wave
interference and that have been emphasized for the purpose of detecting the
tunnel targets of interest are: (1) the seismic wave frequencies that reflect
efficiently from a 2-meter diameter tunnel are about 400 Hz or higher and
these relatively high frequency seismic waves are strongly attenuated in near-
surface geological materials; and (2) the SH-wave source and detectors perform
effectively only when they are coupled to the more competent materials below
the surface (typically several wavelengths at the Rayleigh wave velocities
characteristic of the weathered ground surface for frequencies of 400 Hz and
higher). Therefore, the preferred SH-wave techniques for tunnel detection
intrinsically discriminate in several ways against surface wave interference.

However, even a pure SH-wave source will generate direct
arrival interference in the form of SH body waves. If the source is a broad-
band impulse transducer, as it must be to fulfill the performance requirements
developed in this study, it will also produce unnecessary spectral components
in the source pulse signal which are below 400 Hz. Since these low frequency
source signal components are not attenuated as strongly as the higher fre-
quency components, they will cause unwanted strong interference at the detec-
tors. However, since this interference is not in the useful frequency range
for detecting the small tunnels of interest, they may be removed by means of
high-pass filters in the analog preamplifier circuits following each seismic
detector transducer. Filters having sharp low-cut response and high stop-band
attenuation are needed to effectively remove this source of low-frequency
interference which may occur both as near-surface direct arrival signals and
as deeper reflections. Therefore, an effective SH-wave tunnel detection sys-
tem must be designed to effectively reject seismic signals at frequencies
below about 400 Hz.

Another method for reducing the requirement for recording the
strong direct arrival signals is simply to blank the input to the recording
system for an accurately known time delay at the beginning of each recorded
detector signal trace. Since the demand for wide dynamic range is imposed by
the signals that arrive during the earliest trace time following the source
pulse, blanking or strongly attenuating this part of the trace will eliminate
the strong interference. This blanking process must generally be designed as
part of the first stage of the analog preamplifier in each detector channel in
order to prevent overloading the amplifier circuits and it must operate with-
out introducing any other forms of distortion or electrical transient distur-
bance in the signals to be recorded after the end of the blanking interval.
In this regard, most digital seismic recording systems are capable of starting
their digital recording after a preset time delay; however, they are not
necessarily equipped to block input circuit overloading if it should occur.
Therefore, detector circuit blanking in a high-resolution seismic recording
system is a technique that may require special electronic circuits to be
designed and added to presently available equipment. Furthermore, as will be
discussed later in connection with seismic static corrections, there is an
auxiliary need to record direct arrival signals as an adjunct to successful
tunnel detection, thus complicating the use of the trace-blanking technique.
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2. Tunnel Reflection Signal Enhancement

The amplitude of a seismic pulse signal reflected from the

tunnel target is directly proportional to the source signal amplitude (or,
equivalently, to the source energy) which causes the reflection. Thus, tunnel
reflections may be increased by increasing the source level provided that no
undesirable effects such as loss of high-frequency spectral content through
plastic deformation of the ground at the point of source coupling or by
requiring unwieldy source devices or power supplies. However, a low-energy
source may be employed for the same purpose by repetitively operating it to
provide signal averaging enhancement of the weak tunnel reflections. This
process, more precisely known as repetitive transient signal averaging, is
capable of enhancing only the signal-to-noncoherent-noise ratio since any
interference signals that are coherent with the desired tunnel reflections
-dill be equally enhanced. Therefore, this process has the effective advan-
tage of combining the energy of each repeated source pulse (by taking the
repetitive source pulse time necessary to do so) to finally correspond to the
energy level of a larger source. However, to be successful in significantly
increasing the effective source level,- the pulse signal produced by the
repetitive source transducer must have an output pulse (radiated into the
geologic medium) which is particularly stable in pulse timing and waveform.
A new SH-wave source transducer that operates on the arc discharge principle
is available to meet these requirements. The details of this device design
are presented later.

Spatial signal averaging (or spatial filtering) is a means for
reducing the masking effects of seismic reflections that are simultaneously
received at the detectors. This method involves adjusting the times of two or
more detector output traces recorded from a given source pulse but at differ-
ent detector positions so as to cause the summation of the traces to overlay
and advantageously add the reflected signals from the tunnel target while, as
a result of this special trace time adjustment, the signals which come from
other reflectors located away from the tunnel combine in a more random way.
Thus, by effectively focusing the detector array on the reflections coming
from a given point (the tunnel target) in the subsurface medium, those reflec-
tions will be enhanced relative to the other coherent signals whose origins or
reflections are located away from the tunnel position. To accomplish this
target signal enhancement data processing analysis, however, the detector
positions must be relatively close together to eliminate spatial aliasing of
the focal point mentioned above and the information used to adjust the trace
times must be very accurate since the pulse waveforms in the tunnel reflec-
tions must be overlaid with good precision in order to produce the desired
signal enhancement effect. The information used in the trace time adjustments
includes data on the spacings and elevations of the source and detector posi-
tions and estimates or measurements of the sesimic wave velocity profiles
along the presumed propagation paths for the tunnel reflections, starting at
the source location and ending at the detector locations being analyzed.
Since these time adjustments must be more accurate than the time period of the
basic frequency characterizing the pulse waveform, the realization of this
demanding form of spatial signal averaging must be viewed as an investigative
development to be studied and perfected as part of a specialized data process-
ing and analysis program for high-resolution tunnel detection.
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3. Static Corrections

Static corrections of seismic records pertain to time adjust-
ments of the digitally recorded data to facilitate the spatial signal nrocess-
ing techniques such as the spatial filtering technique described above and to
adjust the individual detector traces for variations in source and detector
spacings and elevations as well as variations in the seismic wave velocity
such as may be introduced by the irregularly weathered surface.

In the intended military field application environment of the
tunnel detection system in Korea, the terrain relief is generally extreme and
will require careful static parameter measurements to yield high-quality
tunnel search and detection results. Accurate seismic propagation velocity
profiles along the survey traverse in high relief terrain are difficult to
infer from simple field tests and may be assumed to vary significantly between
contrasting land forms such as ridges and valleys. To provide this needed
velocity data, specialized field measurements may be performed as part of each
tunnel detection sounding to be separately analyzed to yield site specific
velocity information for each new source position and detector spread occupied
along the survey traverse. These measurements entail recording the direct
arrival signals without specific concern for acquiring reflections from pos-
sible tunnel targets. For example, when the geologic section being surveyed
consists of a surface soil layer overlying bedrock, the tunnel detection sys-
tem will be suitable for conducting reflection mapping surveys of the depth
to the bedrock interface under and along the detector spread. An effective
method for mapping the depth profile of irregular bedrock interfaces has been
demonstrated by Hunger, et al. (1984) and applied to low-velocity soil layers
20-30 m thick overlying karst limestone bedrock by Singh (1 9 8 4a; 1984b). In
this method, designated as the reflection window technique, the source offset
distance relative to the near-trace detector position must be sufficiently
large to allow the bedrock reflections (traveling through the surface layer)
to be detected before the direct-ground roll interference arrivals but not so
large as to allow the faster-traveling refraction waves (along the surface
layer-bedrock interface) to mask the bedrock reflections. This same survey
layout can also be used to conduct refraction survey measurements along the
soil-bedrock interface to yield information on the velocity in the bedrock
layer. Both compressional and shear waves may be employed in these measure-
ments. The detector spacings considered optimum for tunnel detection will
also be appropriate for both reflection window mapping and for refraction
surveys.

In addition to utilizing direct arrival measurements for deter-
mining accurate velocity determinations, supplemental measurements and quick-
look field analyses can also be performed on the direct arrival signals to
determine whether or not the source and detector transducers are coupled in
ground of sufficiently high quality to support SH-wave operations in the
desired frequency range of 400-1,600 Hz for efficient detection of the tunnel
targets of interest.

B. Use of Tunnel Reflection Models in Data Analysis

The analytical and numerical models for SH-wave reflections from
cylindrical cavities developed in this study have provided useful insights
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into the nature of the tunnel detection problem as well as guidance for devel-
oping an effective tunnel search and detection system. In addition, these
models and their variations and extensions also offer a powerful aid in ana-
lyzing the expected field survey data. The value of these models is that,
given the experimental parameters of the geologic media being explored, the
models can provide approximate predictions of any tunnel reflection responses
that may be present. Even though such idealized predictions only approximate
the actual field data, they are free of geologic noise and can provide a use-
ful template of seismic traces and seismogram patterns that will be represen-
tative of the tunnel response. Then, by using such trial templates containing
expected target responses, the model calculations may be employed as matched
filters to be correlated and compared with the field survey data to extract
any similar responses that may be present in the experimental records.

By applying this forward modeling approach to the field data, the
information content in an entire seismic section of data becomes involved in a
unique process of tunnel target response matching and extraction without the
problems of instablity or nonconvergence often encountered in geophysical data
inversion when applied to low signal-to-noise ratio field recordings.

In order to apply this model-based data analysis technique, the
field data must be processed to a certain reference status and format against
which a similar ensemble of model-predicted data for various possible tunnel
locations with respect to the experimental survey traverse may be compared.
The processing and preconditioning the field data consists mainly of applying
static corrections and velocity analysis for the field site conditions associ-
ated with the data and application of any data preprocessing options such as
the spatial signal averaging technique designed to improve the tunnel response
signal-to-noise ratio. By means of more advanced models developed to include
compressional. waves and vertically polarized shear (SV) waves, more complete
insights into the complete tunnel detection problem will be gained. With this
information available, additional advanced data processing techniques may be
considered which employ both radial and transverse horizontal particle motion
components recorded along the seismic survey line and a more general analysis
based upon three-component vector displacements recorded at each detector
position. An important method used in the processing and analysis of oriented
three-component seismic survey data is that known as the "polarization method"
reported by Gal'perin (1985) in connection with vertical seismic profile data
analysis. With this method, reflected signals from the tunnel target can be
separated from certain noise components by deriving spatial displacement vec-
tors versus time (depth) so as to maximize the desired tunnel reflection
signal-to-noise ratio. This method should be particularly applicable to high-
resolution seismic surveys in complex geological formations as well as provide
an effective means of minimizing the interference of surface waves and other
near-surface coherent seismic noise.

C. Field Data Acquisition System

The seismic data acquisition system required to provide effective
tunnel search and detection is a high-resolution reflection survey system
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equipped specifically to employ the SH-wave techniques identified in the fore-
going model studies. In particular, this system must consist of:

(1) Portable Seismic Data Recording System

" 48-channel digital data acquisition controller
* 48-channel preamplifier and filter unit
" Digital tape recorder
* Quick-look post-acquisition field processor
, Data display plotter
" Power supply

(2) Seismic Detectors and Field Cable

" Three-component geophone assembly designed for borehole
clamp coupling and orientation (48 units)

" Multiconductor seismic cable designed for use with three-
component geophones with recorder system connection jumpers
(typical detector spread length: 240 m)

" Roll-along switch capable of being adapted for use with
one-, two-, or three-component detector stations (typically
240 geophone pairs, programmable, manual operation)

(3) SH-Wave Seismic Source

* Arc discharge pulse transducer designed for operation in
water-filled boreholes (equipped with orientation capability
and bowspring centralizer)

Surface power supply and control unit

(4) Borehole Auger Drill

" Truck-mount drill system (4-inch diameter, 50-foot depth
capacity)

1. Portable Seismic Data Recording System

The high-resolution seismic data acquisition system must be
capable of accurately recording multichannel signals in the frequency range
of 400 Hz to 1600 Hz with trace time durations up to about 0.5 second in each
channel. This frequency response will require digital sampling of each of the
preamplifier analog detector signals at a rate of at least 4,000 samples per
second and preferably higher. The dyanmic range of the system must be as wide
as practical but typically equivalent to 15-bit digital waveform amplitude
resolution plus sign bit, corresponding a dynamic range of 90 dB in the digi-
tized sample word. Typical analog-to-digital converters used for this purpose
provide a 12-bit floating point mantissa plus sign bit and this 72-dB dynamic
range is supplemented with a three-or four-bit gain range control of the ana-
log signal amplifier ahead of the converter to provide an additional 18 dB or
24 dB overall system dynamic range. Thus, for a 48-channel recording system
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operating with such an effective 16-bit word length acquired at 4,000 sample
j words per second and for record lengths of 0.5 second, the digital data storage

requirements are 1.54 million bits per shot. If each sample word is recorded as
two 8-bit bytes, each shot record will require 96,000 bytes of digital magnetic
tape or memory storage. A total of 1,875 shots having 96,000 bytes each can be
recorded in SEG-D format on one 10-inch 6,250 bpi reel of magnetic tape.

Certain specialized features are recommended to be incorporated
in the data acquisition system to improve its high-frequency response and to
limit its response to the most effective frequency range for detecting SH-wave
reflections from tunnels. The definition of these features and their techni-
cal characteristics are:

(1) Low Cut Filters: 400 Hz cut-off frequency
-60 dB/oct stop-band attenuation

(2) Passband Emphasis: +24 dB/oct 400 Hz to 1600 Hz

(3) Digital Sampling Rate: Increase from 4,000 samples/sec
to 8,000 samples/sec (goal)

(4) Alias Filters: 2,000 Hz cut-off frequency
-72 dB/oct stop band attenuation

(5) Digital Parallel Data Output Interface.

A digital recording system of this type will effectively eliminate low-frequency
ambient noise and will compensate for much of the frequency-dependent absorption
loss imposed by the geologic medium. Such a system configured to have 48 chan-
nels will accommodate 16 three-component seismic detectors.

Quick-look post-acquisition data processing will be used to yield
information on the quality of the recorded data and the nature of the subsurface
conditions currently being encountered along the survey line. The processing
capabilities needed include digital filtering, trace cross-correlation, normal
moveout corrections, common offset gathers, and common depth point stacking. On
the anticipation that the quality and usefulness of the high-resolution seismic
exploration data necessary for detecting tunnels will be difficult to determine
in practice, this quick-look in-field processor can ensure that further more
extensive data analysis will yield the desired results.

2. Seismic Source Transducer

High-resolution seismic exploration for tunnels requires that the

source and detector transducers be coupled to competent ground so as to convey
elastic wave signals having frequency content up to about 2,000 Hz. Such cou-
pling cannot be achieved with either the source or the detectors emplaced at
the ground surface unless the competent bedrock tunnel host formation happens
to outcrop along the desired seismic survey line. Therefore, in general, the
source and detector transducers must be designed to operate in boreholes drilled
to reach subsurface ground condicions which are competent enough to support
high-frequency elastic waves.
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An efficient broadband seismic pulse transducer technique was
recently developed by Southwest Research Institute for use in high-resolution
borehole seismic applications (Peters and Owen, 1985). This transducer is
capable of generating accurately repetitive pressure pulse waveforms in fluid-
filled boreholes to produce elastic wave pulses in the drilled geological
formation. The transducer operates by producing a high-energy-rate electric
discharge in a self-contained aqueous electrolyte solution to produce intense
pressure pulses. Electrical energy up to approximately 1,000 joules is stored
on a high-voltage capacitor and is discharged in the arc chamber within a time
interval of a few hundred microseconds to produce a positive pressure pulse
having a peak pressure of several atmospheres. This arc discharge generator
may be operated at a pulse repetition rate of approximately 10 pulses/mmn in
boreholes 4-6 inches in diameter.

Figure V-I illustrates the general design concept of the elec-
tric arc discharge pulse transducer. This figure shows the cylindrical elec-
trodeless arc discharge chamber in which a small channel of liquid electrolyte
is vaporized to produce the plasma arc discharge pressure pulse. This pulse
is coupled to the borehole fluid through the flexible cylindrical sleeve form-
ing the electrolyte chamber. Such pressure pulses are generated each time the
charged high-voltage capacitor is switched across the electrodes on the upper
and lower ends of the chamber.
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FIGURE V-I. ELECTRODELESS ARC DISCHARGE TRANSDUCER FOR GENERATING
ASSYMETRICAL LATERAL FORCE IN A BOREHOLE
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The high-density reaction mass shown surrounding one half of
the arc discharge chamber in Figure V-I serves to produce the asymmetrical
lateral force in the borehole necessary for exciting horizontally polarized
shear waves. The asymmetrical force is oriented in the plane A-A' and hori-
zontally polarized shear waves are radiated away from this point source trans-
ducer in the plane B-B'.

A vertical array consisting of several devices of this type
spaced at a distance about 0.5 meter (less than one-half wavelength at the
highest frequency of interest) and timed to produce a downward end fire-
directed pulse can provide a very efficient controlled source of SH waves for
tunnel detection. For example, an array of ten SH-type arc discharge elements
in a 4 .5-meter long array will produce a 30-degree half-power radiation beam
pattern at a frequency of 1,000 Hz. An array of this type would provide a
total energy of 5,000 joules per pulse in a water-filled borehole approxi-
mately 4 inches in diameter drilled to the depth required to reach the compe-
tent geological medium.

In the general form described above, the basic borehole arc
discharge transducer can be designed to generate either SH-wave pulses (with
reaction mass attached) or compressional wave pulses (without reaction mass
attached). Preliminary SH-wave pulse experiments were recently conducted
using the U.S. Bureau of Mines 500-joule arc discharge source probe with a
lead half-cylinder reaction mass attached. Figure V-2 illustrates the results
of these preliminary tests in which the source transducer having the reaction
mass attached was placed in one water-filled borehole in a limestone formation
and a hydrophone detector was placed in a second water-filled borehole located
approximately 3.05 meters away from the source. Figure V-2(a) shows the com-
pressional wave pulse waveform transmitted horizontally between the boreholes
without the lead reaction mass attached to the source transducer. With the
reaction mass attached, the source probe was rotated until the strongest shear
wave obtainable was observed superimposed on the compressional wave pulse.
Figure V-2(b) shows the superimposed SH wave and indicates the shear wave
velocity in the limestone to be about 50.1 percent of the compressional wave
velocity. The hydrophone was then lowered in two-meter depth intervals below
the source to show the improved SH-wave/P-wave ratio characteristic of the
downward (and upward) directed SH-wave radiation from the source transducer.
The SH wave pulse signals detected at downward depth offsets of 2, 4, and 6
meters are shown in Figures V-2(c) through V-2(d). The SH-wave pulse signals
observed in these tests are judged to be much stronger than the compressional
wave pulses since the hydrophone detector used in the experiments is not well
suited for the detection of shear waves. These tests indicate that the asym-
metrical force generated around the circumference of the borehole by this
arrangement is effective in generating SH wave pulses.

The SH-wave source transducer must be oriented so that its
asymmetrical force is directed transverse to the seismic survey line. For
this purpose, the SH-wave source transducer must be equipped with a clamping
mechanism by which it may be held at a fixed orientation. A detachable metal
suspension tube of square cross-section may be used to handle and orient the
source transducer in the proper direction and hold it in place in the rela-
tively shallow boreholes anticipated for field use while the clamping mecha-
nism is operated.
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3. Seismic Detector Transducers

Precision digital-grade three-component seismic detectors are
required for use with the high-resolution seismic exploration system. In
addition, each of these detectors must be equipped with a clamping mechanism
by which it may be ridigly coupled to the borehole wall. With such mechanical
coupling, the detector boreholes are not required to have a borehole fluid
content.

The seismic detectors recommended for use with the system are
acceleration sensitive geophones mounted in a three-component configuration.
The seismic detectors should be mounted on a specialized triaxial-sensor
borehole-conforming contact shoe which will be rigidly locked against the
borehole wall by means of a pneumatically-expanded rubber pressure boot. A
detachable metal suspension tube of square cross-section or other device may
be attached to this downhole assembly to allow it to be handled and oriented
in the proper direction and hold it in place while the clamping boot is being
inflated. An air compressor and pressure regulating control unit will be
needed to supply pneumatic inflation of the boots. The combination geophone
cable and inflation air hose on the downhole detector units will be designed
to allow retrieval of the unit.

4. Custom Seismic Survey Cable

Reflection and refraction seismic exploraton for tunnel targets
will require a special-purpose detector layout cable having a sufficient num-
ber of electrical conductor-pair circuits and interval-spaced take-outs to
connect the planned spread of seismic detectors to the 4 8 -channel seismic data
acquisition system. This cable must have groups of three conductor-pair take-
outs per detector station to accommodate the use of three-component geophone
sensors at each station when desired. The three take-outs at each station
should be spaced 0.5 meter apart and color coded to represent the connections
for the x-horizontal, y-horizontal, and z-vertical geophones contained in the
borehole detector assemblies. Each borehole detector station must be emplaced
along the seismic line at approximately 2.5 meter spacings to prevent spatial
aliasing in the field data, and the cable interval spacing between take-outs
should be 2.75 meters. The cable should also be segmented in hanks of 66
meters length with 24 detector stations per segment and color-coded end con-
nectors which will allow each segment to be moved forward and properly con-
nected to the leading end of the cable on the survey line after each 24 source
shots are completed. Since the 24 three-component detectors will require 72
conductor pairs, the total number of conductor pairs for a three-segment cable
layout (3 x 66 m - 198 m length) will be 216 pairs. This number of pairs can
be conveniently switched into the 4 8-channel data recording system using a
standard 240-detector-station roll-along switch. This relatively large number
of conductor pairs (216 pairs) can be reduced to 144 pairs and still allow the
use of three cable segments if multiple take-outs are used in operating the
composite cable. With this arrangement, the multiple take-outs on the coneic-
tor pairs are separated 48 detector stations apart so that no two detectors
are simultaneously attached to the same pair to introduce erroneous signals
into the recorded data. The roll-along switch is programmed to switch the
conductor pairs by being back-wired to pick up appropriate repeat connections
to the previously used pairs having detectors at new forward take-out posi-
tions. The 66-meter cable hanks having 24 three-component take-outs and 144
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conductor pairs are estimated to have a weight of approximately 50 pounds
using #28 AWG conductors in each pair for good cable strength and reliability
in the field.

Next, by operating the seismic data acquisition system in a
split-spread configuration composed of two three-hank cables as described
above, the same cable design and 24 0-detector roll-along switch can be used
to cover twice the total traverse line length for each setup of the data
recording system (truck). This is accomplished by means of a patch panel by
which the individual geophones (conductor pairs) are prewired to configure the
desired detectors (i.e., single-vertical, single-horizontal, dual-horizontal,
or three-component) to be sequentially selected by the 240-detector roll-along
switch without overflow of the number switch positions. The use of the patch
panel also allows the selected detectors to be directly connected to their
analog preamplifiers and low-cut filters ahead of the roll-along switch for
maximum signal-to-noise ratio.

5. Roll-Along Switch

The system must be equipped with a 24 0-circuit roll-along geo-
phone switch to accommodate the special seismic cable and detector pairs as
configured by the patch panel used to set up the detector stations for field
operations. Roll-along switches of this type are conventional components
which are commercially available from several suppliers.

6. Borehole Auger Drill

A light-duty shallow borehole auger drill is required as a per-
manent part of the high-resolution seismic system since efficient operation of
the system is expected to require the use of boreholes for source and detector
coupling on a regular basis. This drill should have a 3-1/2-inch diameter
borehole drilling capability to a nominal depth of 15 meters using spade-bit
and auger technology (dry drilling) and a 4-1/2-inch diameter helical screw
bit designed especially for enlarging and compacting the augered hole walls to
stand open without the need for casing and to provide compacted hole rigidity
for good seismic coupling. The boreholes used for the seismic source trans-
ducer will require water to be present or added for proper operation. The
boreholes used for the seismic detectors will not require water filling for
sensor operation.

7. Spare Parts

Spare parts are required for the various system components
which receive routine field handling such as the source and detector trans-
ducers, cables, borehole clamping mechanisms, borehole drill, and related sub-
components. Certain spare electronic modules are also required to maintain
the digital data recording system and the arc discharge source transducer
system.

8. Field Vehicles

Two field vehicles are required to support the operation of the
high-resolutlon seismic exploration system: a mobile data recording and sys-
tem transport vehicle, and a dedicated drill truck.
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VI. CONCLUSIONS AND RECOMMENDATIONS

The theoretical analyses and computer evaluations of SH-wave seismic

reflection techniques carried out in this study have yielded important insights

and useful results which demonstrate the feasibility of detecting subversive

intrusion tunnels of military interest. Based upon these results, the seismic

detectability of tunnels 2 m in diameter at depths of 100 m or more in hard

rock geological formations is judged to be technically feasible and practical

using SH waves, provided that certain equipment capabilities, field application
techniques, and data analysis methods are employed. The primary findings and

conclusions gained from this study are:

(1) Seismic Detectability of Tunnels: Horizontally polarized shear (SH)
waves offer certain intrinsic geophysical advantages for detecting

tunnels based upon their shorter wavelength at practical seismic

frequencies, their reduced tendency to excite surface ground roll
interference, and the fact that SH waves do not suffer wave-type

conversion losses when reflections occur at geologic interfaces

oriented parallel to the shear wave polarization.

Plane wave scattering analysis was used to show the frequency depen-

dence and angular dependence of SH-wave scattering from cylindrical

cavities. The effective frequency range for detecting the tunnels

of interest is the two-octave band of 400-1,600 Hz since spectral

components in the incident wave below 400 Hz provide only a marginal

response from the small tunnel cavity cross-section and spectral
components above about 1,600 Hz are attenuated significantly and
tend to be scattered from the many natural inhomogeneities in the

rock formation that are smaller than the tunnel.

(2) Coherent Interference and Masking: Interference caused by direct

seismic waves traveling from source to detector was illustrated in
synthetic seismograms derived using homogeneous half-space and two-

layer half-space models. For the SH waves modeled, the amplitude

ratios of reflections from a 100-meter deep tunnel to the direct

arrival ranged from about -32 dB for a lossless half-space to -55 d8

for the case where the seismic detectors are located at the surface

of a low-quality layer overlying the tunnel host bedrock medium.
Table VI-1 summarizes these reflection-to-direct arrival ratios for

the various half-space models and tunnel cavity depths evaluated.

These results clearly show the importance of providing a wide dynamic

range in the field data acquisition system. The results also present

quantitative information on the influences of tunnel target depth on
the SH-wave reflections as well as the effects of a lossy surface

layer on the detection effectiveness.

(3) Effects of Low-Quality Surface Layer: The simplified field proce-

dures afforded by the use of surface-coupled seismic detectors

greatly diminish the effectiveness of the seismic tunnel detection
concept. In the model cases where the detector responses were

located at the top of a thin low-quality (Ql = 10) surface layer,
the layer attenuation introduces reductions in the tunnel reflection
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TABLE VI-I

RATIO OF SH-WAVE TUNNEL REFLECTIONS TO DIRECT
SH-WAVE INTERFERENCE FOR THE LAYERED HALF-SPACE MODEL

(SH-Wave Tunnel Reflection)
Direct SH-Wave Amplitude Reference

Model Description (dB) Figures in
Tunnel Depth Tunnel Depth Volume II

=_50 m 10= Om AppendixG

Two-layer half-space with source
and detector in the bedrock.

Surface layer thickness h = 5 m
Bedrock quality factor Q2 = 100

Surface Layer Qi = 50: -26 -32 G-1 & G-5
Surface Layer QI - 10: -26 -32 G-3 & G-7

Surface layer thickness h - 10 m
Bedrock quality factor Q2 - 100

Surface Layer Qi = 50: -26 -32 G-2 & G-6
Surface Layer Qi - 10: -26 -32 G-4 & G-8

Two-layer half-space with source
with source in the bedrock and
detector at top of surface layer.

Surface layer thickness h = 5 m
Bedrock quality factor Q2 - 100

Surface Layer Qi - 50: -26 -34 G-9 & G-13
Surface Layer Ql - 10: -44 -49 G-11 & G-15

Surface layer thickness h 1 10 m
Bedrock quality factor Q2 - 100

Surface Layer Ql = 50: -32 -40 G-10 & G-14
Surface Layer Qi = 10: -50 -55 G-12 & G-16

Notes: (1) Cylindrical SH-wave source (3) Surface layer vsl = 200 m/sec
(2) 2 -meter diameter tunnel (4) Bedrock layer vs2 = 2,500 m/sec
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amplitudes of approximately 24 dB compared with the reflection ampli-
tudes detectable in the top of the bedrock. The practical influences
of surface geophone coupling efficiency and variability among conven-
tionally deployed detectors can be anticipated to introduce addi-
tional losses in the detection of tunnels. The combined effects of
surface layer losses imposed on the tunnel target reflections and
the stronger direct arrival interference when the detectors are
located on the surface lead to the conclusion that effective tunnel
search and detection cannot be achieved using surface-coupled seis-
mic detectors.

(4) Specialized Data Acquisition and Processing Techniques: Field data
acquisition and analysis of SH-wave reflections from tunnel targets
in field terrain such as the DMZ of Korea require special consid-
erations and techniques not normally used in conventional seismic
exploration practice. These requirements stem largely from the high-
frequency seismic signals needed for resolving the small tunnel cavi-
ties of interest. They include: (1) the use of a subsurface-coupled
orientable SH-wave seismic source and surbsurface-coupled three-
component detectors capable of being oriented relative to the source
orientation and survey line layout; (2) special site-characterizing
measurements to provide detailed information on the behavior of the
very short wavelength signals and corrections for static site condi-
tions such as topographic elevations, seismic velocity variations in
near-surface layers, and the thickness and subsurface shear-wave cou-
pling quality of the surface materials; and (3) the use of optimum
detector layouts, source locations, and repetitive signal averaging
to enhance the tunnel reflection signals during the field data acqui-
sition process so as to provide sufficient quality data for subse-
quent processing and analysis.

Givei high-quality field data, processing techniques for analyzing
these data must be applied carefully and with an objective view
toward the results because of the complex geological structure of
the tunnel host medium. That is, no substantial experience is avail-
able to indicatt whether conventional data processing algorithms will
be effective when applied to the high-resolution seismic survey for
tunnel detection. Therefore, while standard methods of velocity
analysis and spatial filtering are planned to be used to their full-
est extent, supplemental concepts designed to respond specifically to
the tunnel target seismic responses are also recommended for inves-
tigation and potential use. For this purpose, the computer models
developed in this study can be used to provide certain predictions of
tunnel target responses which, through proper data comparison meth-
ods, may be used as correlation references for selectively extracting
tunnel reflections from any spatially complex structural responses.

(5) Field Survey System Specifications: The hardware components needed
to implement the high-resolution SH-wave reflection seismic tech-
nique were defined based upon the general findings of the model
studies and analyses. These components can be obtained by adapting
certain commercial equipment and prototype developments to the indi-
cated needs. For example, a 48-channel digital data recording sys-
tem capable of providing a 4,000 sample/sec sampling rate and 15-bit
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digital resolution is specified as the basic field survey system.
Then, by adding special-purpose components such as borehole-coupled
detectors capable of providing three-component seismic measurements
and sharp cut-off low-cut filtering in each channel, the recording
system can be made to respond primarily to high-resolution SH waves
in the frequency range of 400-1,600 Hz.

Another specialized component part of this system is a borehole SH-
wave source capable of generating horizontally-polarized pulse sig-
nals covering the required frequency range. This requirement can be
met by an A prototype arc discharge transducer recently developed
for another borehole seismic application using compressional waves
has now been demonstrated to be capable of producing the desired SH
waves. This component, because of its important features of preci-
sion pulse waveform timing, pulse-to-pulse waveform repeatability,
broadband seismic frequency spectrum up to about 2,000 Hz, respect-
able energy level of 1,000 joules/pulse, and efficient operation as
either a compressional-wave or shear-wave pulse source, make it an
ideal device for this application. The additional system components
needed to make the SH-wave reflection seismic survey system complete
and fully self-contained were also specified, including a customized
seismic field cable, a -programmable roll-along switch capable of
handling either one-, two-, or three-component seismic detector sta-
tions, and a light-duty borehole drill.

(6) Recommendations: The results of this theoretical and numerical
model study of SH-wave detection of tunnel cavities, suggests sev-
eral recommendations for continuing the studies and applying the
results. These recommendations are:

(a) Implement the specified SH-wave seismic exploration system in
prototype form for purposes of experimental deployment, evalu-
ation, and further development;

(b) Develop and demonstrate field application procedures and data
processing methods which are capable of acquiring high-quality
seismic survey data and extracting tunnel target responses
under practical field operating conditions;

(c) Extend the use of the SH-wave numerical models to other study
cases which may be more accurately and more completely repre-

sentative of the field conditions encountered in the tunnel
search and detection environment of Korea;

(d) Conduct advanced development model studies in which compres-
sional waves and vertically-polarized waves are incorporated in
the analyses. These models will allow the complete responses
of tunnels to be studied, including the conversion and inter-
change of the seismic wave types between compressional and
shear waves, the characterization of seismic waves reflected
from tunnels which are oriented obliquely with respect to the
seismic survey traverse, and the use of these numerical models
to produce target-matched responses for possible use in spe-
cialized tunnel detection data processing.
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